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MULTIARM STAR BLOCK AND MULTIARM STAR MIXED-BLOCK 
COPOLYMERS VIA AZIDE-ALKYNE CLICK REACTION 
SUMMARY 
The synthesis of multiarm star block (and mixed-block) copolymers are efficiently 
prepared by using Cu(I) catalyzed azide-alkyne click reaction and arm-first approach. 
á-silyl protected alkyne polystyrene (á-silyl-alkyne-PS) was prepared by ATRP of 
styrene (St) and used as macroinitiator in a cross-linking reaction with divinyl 
benzene in order to successfully give multiarm star homopolymer with alkyne 
periphery. Linear azide end-functionalized poly(ethylene glycol) (PEG-N3) and 
poly(TERT-butyl acrylate) (PTBA-N3) were simply clicked with the multiarm star 
polymer in order to form star block or mixed-block copolymers in N,N-dimethyl 
formamide (DMF) at room temperature for 24 h. Obtained multiarm star block and 
mixed-block copolymers were identified by using 
1
H NMR, GPC, triple detection-
GPC (TD-GPC), Atomic Force Microscopy (AFM) and Dynamic Light Scattering 
(DLS) measurements. 
Keywords: multiarm star polymer, azide-alkyne click reaction, GPC, triple 
detection-GPC, Atomic Force Microscopy (AFM), Dynamic Light Scattering (DLS). 
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AZĠD-ALKĠN CLICK REAKSĠYONU KULLANARAK AYNI VE FARKLI 
ÇOKLU KOLLU YILDIZ KOPOLĠMER SENTEZĠ 
ÖZET 
Yıldız polimerler araştırmalarda üç boyutlu ve çok dallanmış yapılarından dolayı 
yıllardır ilgi çekmektedirler. Yıldız polimerlerin elde edilmesinde kullanılan iki genel 
yöntem vardır: kol öncelikli ve çekirdek öncelikli yöntemleri. Kol öncelikli 
yönteminde, uygun uç grup fonksiyonalitesine sahip polimer ona uygun çok 
fonksiyonlu bir çekirdekle yıldız polimer elde etmek için reaksiyona sokulur. Ġkinci 
yöntemde (çekirdek öncelikli) ise, polimer zinciri çok fonksiyonlu bir başlatıcıdan 
eşzamanlı bir şekilde büyümektedir. Önceleri yaşayan iyonik polimerizasyon, yıldız 
polimer hazırlanmasında kullanılan tek sistemdi. Fakat son yıllarda kompleks 
makromoleküllerin sentezinde kontrollü/yaşayan polimerizasyon tekniklerinin 
kullanılması, yaşayan iyonik polimerizasyon yöntemiyle mukayese edildiğinde 
deneysel koşullara çok daha toleranslı olması ve çok çeşitli monomerlere 
uygulanabilir olması nedeniyle hızlı bir şekilde arttı. Kararlı nitroksit serbest 
radikallerin kullanımına dayanan Nitroksit Ortamlı Radikal Polimerizasyonu ve 
genellikle Atom Transfer Radical Polimerizasyonu (ATRP) olarak bilinen 
Mtn(Metat)/ligand kataliz ortamlı radikal polimerizasyonu yaşayan radikal 
polimerizasyon yöntemleri arasında çok yönlü metotlardır. 
Elde edilen polimerlerin ve malzemelerin karakterizasyonunda Jel Geçirgenlik 
Kromatografisi (GPC), Nükleer Magnetik Rezonans Spektroskopisi (NMR), triple 
detection-GPC (TD-GPC), Atomic Force Microscopy (AFM) and Dynamic Light 
Scattering(DLS)measurements. 
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1.  INTRODUCTION 
A star structure is defined as a nonlinear polymer that consists of multiple backbone 
chains existing from junction points. Star polymers show different crystalline, 
mechanical, and viscoelastic properties in comparison with their corresponding linear 
analogues.  
Interest in star polymers arises from their compact structure and globular shape, 
which predetermines their low viscosity when compared to linear analogues and 
makes them suitable materials for several applications. Synthesis of star polymers, 
which began in the 1950s with living anionic polymerization, has recently received 
increased attention due to the development of controlled/living radical 
polymerization (CRP).  
Multiarm star polymers with a cross-linked core have been widely obtained from 
various living radical polymerization (LRP) methods e.g., metal mediated living 
radical polymerization often named atom transfer radical polymerization (ATRP), 
nitroxide mediated radical polymerization (NMP) and reversible addition-
fragmentation (RAFT) polymerization, because of the easy experimental setup and a 
wide range of monomers in LRP[1,2]. Multiarm star polymers are prepared using 
“arm-first” and “core-first” methodologies. In “arm-first” approach, a divinyl cross-
linker and linear macroinitiator with an appropriate chain-end initiating site initially 
generates pendant vinyl groups during the polymerization of cross-linker from the 
linear chain. The highly cross-linked core is formed via intermolecular reactions 
between the chain-end radicals and the pendant double bonds. The structure of the 
resulting star polymer can be denoted as poly(M)n-polyX, where polyX represents a 
cross-linked core of the star polymer and n is the average number of polyM arms per 
star molecule[1]. In a “core-first” technique cross-linked core is first produced using 
a divinyl cross-linker and a low molar mass initiator under LRP conditions and then 
the monomer is polymerized by using LRP from this multifunctional initiator core to 
form polyX-poly(M-F)n star polymer, where F is functional end groups at the star 
periphery[1]. 
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Multiarm star block copolymers polyX-poly(M1-b-polyM2) can easily be produced 
by polymerization of a second monomer (M2) via chain extension of the 
corresponding star homopolymer having initiating sites at the periphery. Whereas, 
arm-first methodology does not allow this type of preparation for star block 
copolymers due to that so-obtained star homopolymers carry dormant initiating sites 
in the star core. In “arm-first”, well defined linear block copolymers should be used 
as a macroinitiator in the presence of a divinyl cross-linker to form multiarm star 
block copolymers. It is obvious that in both two methodologies the composition of 
the multiarm star block copolymer is limited to the monomers applicable to LRP. 
Two requirements should be fulfilled to successfully prepare multiarm star block 
copolymers with different compositions that cannot be attained by only using LRP 
routes: high chain end functionality at the periphery of the star and highly efficient 
organic coupling reaction for the second block formation. 
Recently, “click reactions” named by Sharpless et al. can be characterized as the 
reactions displaying high yields, compatibility with the most functional groups 
tolerance to a variety of solvents and mild reaction conditions[3]. Among them, 
particularly Cu(I) catalyzed azide-alkyne (3+2) [3,4] and Diels-Alder [4+2] [6]  
cycloaddition reactions have proved that they are versatile reactions for the 
preparation of polymers with various topologies[7,8]. 
In this work, I describe the synthesis of multiarm star block (and mixed-block) 
copolymers by using Cu(I) catalyzed azide-alkyne click reaction and arm-first 
approach. α-silyl protected alkyne polystyrene (α-silyl-alkyne-PS) was prepared by 
ATRP of styrene (St) and used as macroinitiator in a cross-linking reaction with 
divinyl benzene in order to successfully give multiarm star homopolymer with 
alkyne periphery. Linear azide end-functionalized poly(ethylene glycol) (PEG-N3) 
and poly(tert-butyl acrylate) (PtBA-N3) were simply clicked with the multiarm star 
polymer in order to form star block or mixed-block copolymers in N,N-dimethyl 
formamide (DMF) at room temperature for 24 h. 
The individual multiarm star molecules were imaged on silicon substrates by atomic 
force microscopy (AFM) and had a diameter of ~16-18 nm in consistent with 
dynamic light scattering (DLS) measurements. 
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2.  THEORETICAL PART 
2.1 Free Radical Polymerizations 
In the current market, nearly 50% of all commercial synthetic polymers are produced 
via conventional radical polymerization (RP) processes [9,10]. The widespread use 
of RP for polymer synthesis is largely due to its versatility, synthetic ease, and 
compatibility with a wide variety of functional groups, coupled with its tolerance to 
water and protic media. As any chain-growth polymerization, RP comprises four 
elementary reactions: initiation, propagation, transfer and termination. In the absence 
of any mediating reagent, the radicals are usually generated via thermal 
decomposition of initiators and quickly polymerize vinyl monomers, via a chain-
building propagation reaction. It is followed by bimolecular radical–radical coupling 
or disproportionation termination and transfer reactions[11]. The slow and 
continuous initiation process used in a conventional RP results in formation of 
polymers with a broad MWD and does not provide a means to control molecular 
structure. Moreover, the continuous termination reactions in RP lead to nearly all of 
the polymer chains being “dead” at any given instant, i.e., without capability for 
further chain extension. Therefore, in conventional RP it is essentially impossible to 
prepare polymers with predetermined molecular weight and/or polymers with well-
defined microstructures, such as block copolymers and gradient copolymers. 
2.2 Living Polymerizations 
In polymer chemistry, living polymerization is a form of addition polymerization 
where the ability of a growing polymer chain to terminate has been removed[12]. 
This can be accomplished in a variety of ways. Chain termination and chain transfer 
reactions are absent and the rate of chain initiation is also much larger than the rate 
of chain propagation. The result is that the polymer chains grow at a more constant 
rate than seen in traditional chain polymerization and their lengths remain very 
similar (i.e. they have a very low polydispersity index). Living polymerization is a 
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popular method for synthesizing block copolymers since the polymer can be 
synthesized in stages, each stage containing a different monomer. Additional 
advantages are predetermined molar mass and control over end-groups. Living 
polymerization in the literature is often called "living" polymerization or controlled 
polymerization. Living polymerization was demonstrated by Michael Szwarc in 1956 
in the anionic polymerization of styrene with an alkali metal / naphthalene system in 
THF. He found that after addition of monomer to the initiator system that the 
increase in viscosity would eventually cease but that after addition of a new amount 
of monomer after some time the viscosity would start to increase again [13]. 
2.3 Controlled/Living Free Radical Polymerizations 
Very late in the twentieth century several new methods were discovered which 
allowed the development of living polymerization using free radical chemistry. Since 
the introduction of the concept of “living” polymers in the 1950s, well-defined 
polymers with uniform size, desired functionality and various architectures have 
been prepared using living ionic polymerization techniques. However, ionic 
polymerization techniques[15], such as anionic and cationic, are not suitable for the 
(co)polymerization of a wide range of functional vinyl monomers, mainly due to the 
incompatibility of the growing polymer chain ends (anions or cations) with numerous 
functional groups and certain families of monomers. In addition, these ionic 
polymerization techniques require stringent reaction conditions, such as ultra pure 
reagents and complete exclusion of water and air. 
All CRPs proceed through the same radical mechanism and the same radical 
intermediates as conventional RP. They exhibit similar chemo-, regio- and stereo-
selectivities, and can copolymerize a similar range of monomers[15]. However, in 
contrast to conventional RP, the fundamental features of CRPs include fast initiation 
and a dynamic equilibrium between a low concentration of propagating radicals and 
a large amount of dormant reactivatable species.  
In CRP, the fast initiation reactions, relative to propagation reactions, result in all 
polymer chains undergoing initiation at approximately the same time and a nearly 
constant number of chains growing throughout the polymerization, which enables 
control over chain architecture. The dynamic equilibrium, a fast exchange reaction
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between a low concentration of propagating radicals and a large amount of dormant 
species, leads to a fast deactivation of growing radicals before less than a few 
monomer units are added to the chain end. The lifetime of growing chains is 
extended from ~1 s in conventional RP to more than 1h in CRP due to the 
intermittent reversible activation of the dormant species. The proportion of 
terminated chains in CRP is much lower than in RP (≤10% vs. ~100%), which ulti-
mately enables control over chain-end functionality and chain architecture[16]. 
Three different mechanisms of intermittent activation are employed in CRPs. They 
include: dissociation– combination (represented by nitroxide mediated polymer-
ization (NMP) [17,18] or organometallic radical polymerization[19,20] catalytic 
atom (group) transfer, represented by atom transfer radical polymerization (ATRP) 
[21,22] and degenerative chain transfer, represented by iodine mediated 
polymerization[23,24] or reversible addition-fragmentation chain transfer (RAFT) 
[25,26] polymerization. During these CRP processes, the active radicals either 
undergo a reversible activation/deactivation process (i.e., NMP and ATRP), or 
participate in a degenerative transfer reaction (e.g., RAFT) to assure simultaneous 
growth of all chains. 
The ability of CRP techniques to control molecular weight and polydispersity and to 
provide access to well-defined molecular architecture, originates from both fast 
initiation of all chains and limitation of the chain growth during each activation cycle 
to a level where the contribution of chain breaking reactions is negligible. Since the 
invention of these various CRP techniques, they have been constantly improved and 
applied to the preparation of well-defined polymers with controlled chemical 
compositions, molecular weights and MWDs, chain-sequence distributions, 
functionalities and topologies. 
2.3.1 Reversible Addition –Fragmentation Polymerization (RAFT) 
RAFT can be used in all modes of free radical polymerization: solution, emulsion 
and suspension polymerizations. Implementing the RAFT technique can be as simple 
as introducing a suitable chain transfer agent (CTA), known as a RAFT agent, into a 
conventional free radical polymerization reaction (must be devoid of oxygen, which 
terminates propagation). This CTA is the main species in RAFT polymerization. 
Generally it is a di- or tri-thiocarbonylthio compound, which produces the dormant
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form of the radical chains. Control in RAFT polymerization is achieved in a far more 
complicated manner than the homolytic bond formation-bond cleavage of SFRP and 
ATRP. The CTA for RAFT polymerization must cautiously chosen because it has an 
effect on polymer length, chemical composition, rate of the reaction and the number 
of side reactions that may occur. 
The mechanism of RAFT begins with a standard initiation step as homolytic bond 
cleavage of the initiator molecule yields a reactive free radical. This free radical then 
reacts with a molecule of the monomer to form the active center with additional 
molecules of monomer then adding in a sequential fashion to produce a growing 
polymer chain (Pn●). The propagating chain adds to the CTA to yield a radical 
intermediate. Fragmentation of this intermediate gives rise to either the original 
polymer chain (Pn●) or to a new radical (R●), which itself must be able to reinitiate 
polymerization. This free radical generates its own active center by reaction with the 
monomer and eventually a new propagating chain (Pm●) is formed. Ultimately, 
chain equilibration occurs in which there is a rapid equilibrium between the actively 
growing radicals and the dormant compounds, thereby allowing all of the chains to 
grow at the same rate. A limited amount of termination does occur; however, the 
effect of termination of polymerization kinetics is negligible. 
The calculation of molecular weight for a synthesized polymer is relatively easy, in 
spite of the complex mechanism for RAFT polymerization. During the equilibration 
step, all chains are growing at equal rates, or in other words, the molecular weight of 
the polymer increasing linearly with conversion. Multiplying the ratio of monomer 
consumed to the concentration of the CTA used by the molecular weight of the 
monomer (mM) a reliable estimate of the number average molecular weight can be 
determined. 
2.3.2 Nitroxide-Mediated Living Radical Polymerizations 
This pioneering work was one of the seminal contributions that provided the basis for 
the development of living free radical polymerization (LFRP), and it is interesting to 
note the similarity between the iniferter mechanism and the general outline of a 
living free-radical mechanism (Fig. 2.1). In this general mechanism, the reversible 
termination of the growing polymeric chain is the key step for reducing the overall 
concentration of the propagating radical chain end. In the absence of other reactions 
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leading to initiation of new polymer chains (i.e., no reaction of the mediating radical 
with the vinylic monomer), the concentration of reactive chain ends is extremely 
low, minimizing irreversible termination reactions, such as combination or 
disproportionation. All chains would be initiated only from the desired initiating 
species and growth should occur in a pseudoliving fashion, allowing a high degree of 
control over the entire polymerization process with well-defined polymers being 
obtained.  
The identity of the mediating radical, X
.
, is critical to the success of living free 
radical procedures and a variety of different persistent, or stabilized radicals have 
been employed.However the most widely studied and certainly most successful class 
of compounds are the nitroxides and their associated alkylated derivatives, 
alkoxyamines. Interestingly, the development of nitroxides as mediators for radical 
polymerization stems from pioneering work by Solomon, Rizzardo, and Moad into 
the nature of standard free-radical initiation mechanisms and the desire to efficiently 
trap carbon-centered free radicals. 
 
Figure 2.1: The general outline of the free-radical mechanism. 
2.3.3 Atom Transfer Radical Polymerization (ATRP) 
ATRP can be viewed as a very special case of ATRA (atom transfer radical 
addition), which requires the reactivation of the first formed alkyl halide adduct of 
the unsaturated compound (monomer) and the further reaction of the formed radical 
with monomer (propagation). The "livingness" of this polymerization process can be 
ascertained from a linear first-order kinetic plot, accompanied by a linear increase in 
polymer molecular weights with conversion, with a value of the number-average 
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degree of polymerization (DPn) determined by the ratio of reacted monomer to 
initially introduced initiator. 
The normal schematic of the ATRP equilibrium which emphasizes the repetitive 
nature of activation and deactivation is shown below. 
 
Figure 2.2: Mechanism of metal complex-mediated ATRP. 
Mechanistically, ATRP is based on an inner sphere electron transfer process, which 
involves a reversible (pseudo) halogen homolytic transfer between a dormant 
species, an added initiator or the propagating dormant chain end, (R-X) and a 
transition metal complex in the lower oxidation state (Mt
m
/Ln) resulting in the 
formation of propagating radicals (R*)[27] and the metal complex in the higher 
oxidation state with a coordinated halide ligand (e.g. X-Mt
m+1
/Ln). The active radicals 
form at a rate of activation (kact), subsequently propagate with a rate (kp) and 
reversibly deactivate (kdeact), but also terminate (kt). As the reaction progresses 
radical termination is diminished as a result of the persistent radical effect, (PRE), 
[28]  chain length and the equilibrium is strongly shifted towards the dormant species 
(kact<<kdeact)[29]. 
The higher oxidation state transition metal (complex), the equivalent of the persistent 
radical in an ATRP, can be added directly to a reaction prior to initiation to increase 
the efficiency of initiation by reducing the fraction of low molecular weight 
termination reactions initially required to generate the PRE, or can be formed in situ 
by reaction with dissolved oxygen[30]. Addition of the PRE is of particular utility 
when conducting a "grafting from" reaction with a multifunctional initiator or 
grafting from a surface. It is also strongly recommended when ATRP is carried out in 
protic, particularly homogeneous aqueous media. 
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ATRP is in many ways a complex reaction, which includes one or more 
(co)monomers, a transition metal complex in two or more oxidation states, which can 
comprise various counterions and ligands, an initiator with one or more radically 
transferable atoms or groups and can additionally include an optional solvent, 
suspending media and various additives. All of the components present in the 
reaction medium can, and often do, affect the ATRP equilibrium [31,32]. The 
initiator is most frequently an alkyl (pseudo)halide which can be either a low or high 
molar mass compound or even a part of an insoluble material, such as when initiators 
are tethered to the surface of modified particles, flat wafers, or even fibers, etc.  
A series of starting points for conducting an ATRP for a range on monomers in 
different media is provided elsewhere on this site. 
In most of the recent studies, copper is used as an exemplary transition metal but a 
wide range of other metals can be employed in an ATRP including Ti, Mo, Re, Fe, 
Ru, Os, Rh, Co, Ni, and Pd. Copper has proven by far to be the transition metal of 
choice, as determined by the successful application of a spectrum of copper 
complexes as catalysts, for the ATRP of a broad range of monomers in diverse media 
by many research groups. However, iron may eventually prove to be the transition 
metal of choice for environmental reasons unless industrially viable procedures for 
internal reuse of the copper complexes are adopted. It should also be noted that Ru 
and Os have certain advantages as a consequence of its high halidophilicity that may 
make it a good choice for use in protic media. 
Polymers prepared by other polymerization processes can be functionalized at the 
termini or along the backbone and incorporated into an ATRP as a macromonomer or 
macroinitiator, or simultaneously through use of both macroinitiator and 
macromonomer to improve incorporation of the macromonomer into the polymer, 
[33] leading to well defined block and graft copolymers. There may be one or 
multiple initiating sites, leading to chain growth in several directions. The initiator 
may carry a special functionality, in addition to a radically transferable atom or 
group, to yield telechelic materials [34]. 
The transition metal complex has to be at least partially soluble in the reaction 
medium and reactions can be run under homogeneous or heterogeneous conditions, 
the former generally provides better control since the concentration of activator and 
deactivator can be controlled [35]. Reaction temperatures typically range from room 
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temperature to 150 
o
C, but can be correspondingly altered. The reaction can be run 
under vacuum or pressure. Reactions can not only be conducted in the presence of 
moisture but even in the presence of water under homogeneous [36] or 
heterogeneous conditions [37]. 
Oxygen should be removed, but a limited amount of oxygen can be tolerated 
particularly in the presence of an added reducing agent e.g. Cu(0), Sn(EH2) or 
ascorbic acid [38]. The order of addition of reagents may vary but most often the 
initiator is added last to a preformed solution of the catalyst in the monomer/solvent. 
An important parameter may be the addition or formation of a small amount of 
Cu(II) species at the beginning of the reaction since it enables the deactivation 
process to occur immediately without requiring its spontaneous formation by 
termination reactions, thereby providing both higher initiator efficiency and 
instantaneous control [39]. 
Understanding, and controlling the equilibrium, and hence the dynamics of the atom 
transfer process, are basic prerequisites for running a successful ATRP. Therefore it 
is a very important objective to correlate structure with reactivity for each of the 
involved reagents, the oxidation states of the transition metal complex, radicals and 
dormant species, in addition to solvent effects and reaction temperature in order to 
provide that fundamental understanding required for the selection of optimum 
conditions to conduct the desired reaction [40,41,42]. 
 
Figure 2.3: Illustration of ATRP overall equilibrium. 
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The ATRP equilibrium, (KATRP in the scheme above), is expressed as a combination 
of several contributing reversible reactions, including a combination of C-X bond 
homolysis of the alkyl halide (R-X), (other transferable atoms or groups can 
participate in an ATRP but the most frequently employed radically transferable 
atoms are halogens) two redox processes, and heterolytic cleavage of the Cu
II
-X 
bond. Therefore KATRP can be expressed as the product of the equilibrium constants 
for electron transfer between metal complexes (KET), electron affinity of the halogen 
(KEA), bond dissociation energy of the alkyl halide (KBD) and the equilibrium 
constant for the heterolytic cleavage of the Mt
n+1
-X bond (KX), which measures the 
"halidophilicity" of the deactivator. This means that for a given alkyl halide, R-X, the 
activity of a catalyst in an ATRP reaction depends not only on the redox potential, 
but also on the halidophilicity of the transition metal complex. For complexes that 
have similar halidophilicity, the redox potential can be used as a measure of catalyst 
activity in the ATRP.  
Determination of the equilibrium rate constant is crucial in order to understand the 
kinetics of an ATRP. Assuming steady-state kinetics, the rate of polymerization is 
given by:  
 
(1.1) 
This equation means that the rate of polymerization is controlled by the ratio of Cu
I
 
to Cu
II
 and not the absolute amount of catalyst present in the reaction medium. 
Experimentally, the values of KATRP can be determined by direct analysis of the 
polymerization mixture (by EPR, NMR, GC, GPC, IR...) or by the study of low 
molecular weight model compounds. Furthermore, while some side reactions 
(thermal-initiation of monomer, elimination reactions, transfer reactions, degradation 
of the catalyst...) and some physical parameters (viscosity, inhomogenenity...) may 
have an important effect on the kinetics of CRP the influence of these parameters 
may also be investigated by model studies or by computer simulation [43]. 
In NMP process, the dormant species is cleaved by a thermal or photochemical 
stimulus to produce the stable free radical and the active propagating radical (Figure 
2.4A). The ATRP process is kinetically similar to NMP, except that the activation 
process includes the participation of both a dormant species and a catalyst-based 
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activator, a lower oxidation state metal complex. The higher oxidation state metal 
complex formed in this activation procedure functions as the deactivator (Figure 
2.4B).  
Both NMP and ATRP are controlled by the persistent radical effect (PRE) [44,45], 
which describes the procedure for self-regulation of the concentration of active 
radicals. In other words, every radical–radical termination leads to an irreversible 
accumulation of deactivator, which shifts the equilibrium towards the dormant 
species and consequently decreases the probability of termination reactions. The 
persistent radicals can be deliberately added to the reaction to increase the initiation 
efficiency and reduce the termination reactions that occurred during the initial non 
stationary stage.  
The RAFT process is a degenerative chain transfer reaction and is not based on the 
PRE (Figure 2.4C). Its overall kinetics and polymerization rate resemble a 
conventional RP process with slow initiation and fast termination reactions [46]. 
 
Figure 2.4: General shemes of NMP, ATRP and ATRP polymerization processes. 
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However, the chain transfer agent employed to provide control, such as dithioester or 
xanthate, is present at a much higher concentration than the radical initiator and 
quickly exchanges a group/atom among all growing chains. Thus, the transfer agent 
plays the role of the dormant species to provide control over molecular weights and 
polydispersity. 
2.4 Star Polymers 
CRP techniques allow branching points to be introduced into a macromolecule by 
three different strategies using: multifunctional initiators, multifunctional coupling 
agents and multivinyl cross-linkers (especially divinyl cross-linkers). Depending on 
the functionality, the number and relative arrangement of the branching points within 
the macromolecule, polymers having a branched architecture can be further classified 
as: star polymers, molecular brushes/grafted polymers, randomly branched polymers, 
hyperbranched polymers, dendrimers and gels. 
 
 
Star Comb / Brush 
  
Network/Crosslinked Hyperbranched 
Figure 2.5: Illustration of branched polymer with various topologies. 
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For example, an ideal star polymer contains an n-functional branching point at the 
central core and n emanating arms. Molecular brushes and/or densely grafted 
copolymers contain many 3- or 4-functional branching points, distributed along a 
linear backbone and, consequently, hundreds of side chains [47, 48].
 
In randomly 
branched polymers, the branching units are statistically distributed throughout the 
macromolecule, similar to the structure of an insoluble gel, although the latter is a 
macroscopic network with “infinite” molecular weight.  
Rational selection of functional initiators, monomers and/or divinyl cross-linkers for 
the copolymerization, allows incorporation of a variety of functionalities into the 
copolymer and the preparation of materials with predetermined properties, such as 
degradability, biocompatibility and environmental sensitivity. The structure of the 
copolymers can be varied by simply changing the sequence of the polymerization of 
the monomer and cross-linker. They will include soluble star-like polymers with a 
cross-linked core and linear radiating arms, highly branched copolymers, as well as 
insoluble gels. Star-like polymers with a cross-linked core are formed either when 
the monomer is polymerized prior to addition of cross-linker, or if polymerization of 
monomer occurs after cross-linker. Each approach results in the formation of a star, 
but with different site-specific functionality depending on the time of addition.  
 
In particular, star polymers with three-dimensional (3D) globular structures have 
long been studied for their unique properties, which facilitate their application to 
advanced materials. The discovery of living anionic polymerization by Szwarc 50 
years ago opened the way to the synthesis of model polymers. This ground-breaking 
discovery inspired many researchers to develop controlled/living routes for a 
plethora of monomers including those not compatible with anionic polymerization. 
These methods and their combinations serve as an arsenal for the synthesis of well-
defined polymeric materials with predetermined properties and a rich variety of 
applications. A few representative examples of living and controlled/living 
methodologies for the synthesis of polymers with different macromolecular 
architectures are presented [99,100].The preparation of star polymers via controlled 
polymerization techniques can be divided into three general synthetic methods:  
(i) The ‘core-first’ approach („from-approach‟), in which a multifunctional 
initiator is employed to simultaneously initiate the polymerization of 
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vinylic monomers, thus forming the arms of the star polymer (Figure  
2.6a).  
(ii) The ‘arm-first’ approach involves the reaction of a living macroinitiator 
(MI) (or macromonomer (MM)), the arm, with a difunctional (or higher) 
vinylic cross-linker to form a densely cross-linked core from which the 
arms radiate (Figure 2.6b). Whereas the cross-linking of MMs or 
preformed micelles with core isolated vinyl groups can be regarded as a 
„through-approach‟, the cross-linking of MIs with cross-linkers is 
complicated by the fact that multiple mechanisms can ocur 
simultaneously (vide infra). For example, the cross-linking of block 
copolymers with pendent vinyl groups (formed from the reaction of MIs 
with cross-linkers) can be considered as a „through-approach‟, whereas 
the attack of an active MI with the pendent vinyl groups on a preformed 
star could be regarded as a „to-approach‟. Thus the formation of star 
polymers from MIs and cross-linkers is a combination of both to- and 
through-approaches.  
(iii) The third method, namely the ‘grafting to-approach’, can be considered 
as a combination of controlled polymerization and coupling reactions; 
initially, a well-defined polymer, the arm, is prepared via controlled 
polymerization and coupled to a multifunctional linking agent coupled to 
a multifunctional linking agent that acts as the core (Figure  2.6c).  
However, it should be noted that for arms prepared by controlled radical 
polymerization (CRP) it is generally necessary to appropriately modify the active 
terminal group to enable coupling with the multifunctional linking agent. Although 
the three synthetic methods mentioned above are all well established and can be 
conducted using a variety of controlled polymerization techniques, they have various 
advantages and disadvantages, which make them suited to the preparation of 
particular types of stars. For example, the core-first approach allows for the 
preparation of well-defined star polymers with a precise number of arms, which can 
be controlled by the number of initiating functions present on the multifunctional 
initiator, provided that the initiating sites are of equal reactivity and the rate of 
initiation is higher than the rate of propagation. Perhaps the most beneficial aspects 
of this approach are the very high yields and the ease with which the pure star 
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polymer can be isolated, given that the crude reaction mixture only requires 
separation of any unreacted monomers. However, this approach is not well suited to 
the preparation of miktoarm stars unless specially designed multifunctional initiators 
with orthogonal initiating functions are employed. Similarly, the preparation of stars 
with high arm number (>30) requires the synthesis of complex and highly 
functionalised initiators. Furthermore, the molecular weight of the arms cannot be 
measured directly, although the number of arms can be indirectly determined via 
several methods, including end-group analysis, determination of branching 
parameters and isolation of the arms after cleavage. 
 
Figure 2.6: Synthetic approaches for the preparation of star polymers via controlled 
polymerization technics; (a) the core-first approach, (b) the arm first 
approach, (c) grafting to-approach. 
Another drawback that applies when CRP methods are employed for the core-first 
approach is the need for special precautions to prevent star–star coupling. In 
comparison, it is significantly more difficult to obtain well-defined stars via the arm-
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first approach even though the degree of polymerization (DP) of the arms can be 
well-controlled as they are synthesized independently, the number of arms 
incorporated into the stars is influenced by many parameters and the stars invariably 
possess broad arm number distributions. In addition, incomplete conversion of the 
MI or MM to star leads to the need for lengthy fractional precipitation or dialysis 
protocols. However, the arm-first approach is unique in that you can produce stars 
with very large numbers of arms (>100) with relative ease and the stars possess a 
significantly sized cross-linked core (relative to the overall molecular weight of the 
macromolecule) into which functionality can be readily incorporated. These large 
cores have a high capacity that renders this type of star ideal for site specific 
isolation. The arm-first approach also enables the facile preparation of miktoarm 
stars via both the „in–out‟ and the „multi-macroinitiator‟ methods (vide infra). The 
grafting to-approach for the preparation of stars offers the greatest degree of control 
over the final macromolecular architecture as both the synthesis of the arms and the 
core can be conducted in a very precise manner, and the number of arms is controlled 
by the functionality of the multifunctional linking agent provided that the coupling 
reaction is quantitative. However, very long reaction times and an excess of arms are 
often required to obtain quantitative conversion, leading to need for lengthy 
purification procedures. Furthermore, it is exceedingly difficult to produce stars with 
a large number of arms (>20) as steric congestion about the core hinders the coupling 
reaction and leads to incomplete grafting even at very long reaction times. Like the 
arm-first approach, the grafting to-approach provides a facile way to prepare 
miktoarm stars through the application of several chemically different arms with 
identical and complementary functionality through which it can couple to the 
multifunctional linking agent. All of the approaches discussed are capable of yielding 
peripheral, arm and core functionalised stars, although the arm-first approach stands-
out for its ability to afford stars with large, highly functionalised cores with unique 
micro-environments generated by their cross-linked nature. Although the star 
polymers prepared via the aforementioned methods adopt similar globular or 
spherical conformations dependent on the arm size, number and composition, it is 
evident that the core structures are considerably different. Whereas star polymers 
prepared using multifunctional coupling agents and discrete multifunctional initiators 
possess cores of negligible molecular weight relative to the macromolecule, star 
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polymers prepared by the arm-first approach have cores which typically account for 
10–30% of the polymers‟ molecular weight.  
A further distinguishing feature of star polymers prepared via the arm-first approach 
is the densely cross-linked structure of the core, which lacks the mobility associated 
with hyperbranched cores present in star polymers prepared from hyperbranched or 
dendritic multifunctional initiators via the core-first approach. Thus, it seems 
necessary to disambiguate star polymers prepared via the arm-first approach from 
other star polymers. Therefore, this class of star polymer will be referred to as „core 
cross-linked star (CCS) polymers‟ as this term better represents the macromolecular 
architecture, although, in the literature they have also been referred to as star 
polymers, star microgels, star-like microgels, star nanogels, core–shell stars, 
nanoparticles and core cross-linked micelles. In addition to this classification, it is 
also possible to divide CCS polymers into two further sub-categories, namely 
symmetrical and asymmetrical. Whereas symmetrical CCS polymers are comprised 
of identical arms, asymmetry is introduced when arms of different molecular 
weights, chemical compositions or topologies are incorporated into the same 
macromolecule. 
The introduction of CRP techniques that have enabled the production of high 
molecular weight and low polydispersity polymers from a large range of monomer 
families and under less stringent reaction conditions dawned in a new era for 
polymer synthesis. Shortly after their advent, the potential of the CRP techniques of 
nitroxide mediated polymerization (NMP) and atom transfer radical polymerization 
(ATRP) for the preparation of CCS polymers was realised, with patents being filed 
for both processes by Solomon and co-workers in 1997 [49] and 1999 [50], 
respectively.  
Another, less direct, but equally valid method that leads to the formation of 3D 
polymeric nanostructures that closely resemble CCS polymers involves the core 
cross-linking and covalent stabilization of self-assembled core–shell micelles [51,52] 
which can be regarded as a „through-approach‟. Although CRP techniques have been 
used for cross-linking of micelle cores, predominantly other types of cross-linking 
mechanisms have been utilised to prepare CCS-like polymers from preformed 
micelles and block copolymers in bulk morphologies. 
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Regardless of the synthetic approach or polymerization techniques employed, CCS 
polymers, and for that matter all star polymers, might be expected to display very 
similar properties if the properties are governed by the arm constituents and their 
composition rather than the way in which the stars are complied. In contrast, if the 
properties of star polymers are influenced by their core structure, composition and 
size then it is reasonable to deduce that star polymers with discrete cores prepared 
via the core-first approach will behave differently to star polymers with large cross-
linked cores prepared via the arm-first approach. 
Given that the preparation and application of CCS polymers have been studied for 
nearly 40 years it is evident that this is a substantial area of polymer research.  
Although there have been recent reports on the synthesis of CCS-like polymers via 
ATRP and the core-first approach, the polydispersities of the resulting polymers 
were significantly broader than those obtained for similar CCS polymers prepared 
via the arm-first approach. In order to develop strategies for controlling the 
macromolecular architecture and functionalisation of CCS polymers, their 
characterisation, physical properties and applications should be discussed. Where 
possible information is provided pertaining to the molecular weight characteristics 
(e.g. weight-average molecular weight (Mw), polydispersity index (PDI), number of 
arms (f)) and molecular dimensions (e.g. radius of gyration (Rg), hydrodynamic 
radius (Rh)) of the CCS polymers. 
2.4.1 Synthesis of CCS polymers via CRP techniques 
The proposed mechanism of CCS polymer formation from living MIs and a divinyl 
cross-linker consists of the initial addition of the cross-linker to the MIs to form short 
block copolymers (Figure 2.7).  
The block copolymers can then react with more cross-linker, MIs or with the pendent 
vinyl groups present on other block copolymers. As more and more of the block 
copolymers link together they begin to form a star polymer with a lightly cross-
linked core. If the cores of these star polymers are sterically accessible to each other 
then star–star coupling can occur resulting in the formation of higher molecular 
weight macromolecules. Simultaneously, block copolymers and MIs could also add 
to these lightly cross-linked star polymers. Once the majority of the block 
copolymers have been immobilised into the star structure it is likely that 
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intramolecular cross-linking within the stars dominates to afford CCS polymers with 
denser cross-linked cores. Evidence for the formation of these block copolymers 
containing pendent vinyl groups has been observed from 
1
H NMR spectroscopic 
analysis of samples taken at short reaction times, which, after isolation of the poly-
meric material, revealed characteristic vinylic proton resonances. 
 
 
Figure 2.7: Proposed mechanism for the formation of CCS polymers from 
living MIs and crosslinker. 
In comparison, 
1
H NMR spectra of CCS polymers are dominated by resonances 
corresponding to the arms and lack resonances corresponding to the core and pendent 
vinyl groups.  
One of the major drawbacks of CRP for the preparation of CCS polymers is that 
generally not all of the MIs react to form star polymer. Although the extent of MI (or 
MM) to CCS polymer conversion (star yield) can be tailored by careful manipulation 
of the reaction conditions or special protocols [52], It is very rare that quantitative 
conversion has been achieved [53]. Therefore, fractional precipitation is commonly 
employed to purify the crude polymerisation mixtures, affording the desired CCS 
polymers with relative ease given the large difference in molecular weight that exists 
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between the components of the mixture. In general, the preparation of CCS polymers 
via CRP is accompanied by some low molecular weight materials that maybe either 
unconverted MIs or block copolymers. Although it is evident that this low molecular 
weight material may originate from MIs that have lost their living functionality 
(during their synthesis), in cases where the MIs „livingness‟ has been deemed 100% 
from chain extension experiments several theories can be proposed as to its 
incomplete conversion to CCS polymer: (i) The formation of dead chains from MIs 
due to radical termination events prior tothe addition of cross-linker; (ii) Initially, all 
of the MIs are converted to block copolymers via chain extension to some extent by 
the addition of cross-linker, but due to the steric congestion around the cores of the 
preformed CCS polymers, not all are incorporated. However, this raises the question, 
if there are remaining block copolymers present why do they not subsequently react 
to form new star polymers? One answer could be that the remaining block 
copolymers have lost their living ends, and as there are no living ends capable of 
producing radicals outside of the inaccessible preformed CCS polymer cores they 
cannot link together to form new stars; (iii) If chain extension of the MIs with the 
cross-linker is unequal (i.e. some block copolymers have a large number of pendent 
vinyl groups, whilst others have very few) then it would be expected that the block 
copolymers with a larger number of pendent vinyl groups would predominantly react 
to form CCS polymers, leaving block copolymers with very few pendent vinyl 
groups present. As a result of the decreased concentration of these block copolymers 
and the small number of vinyl groups, the probability of cross-linking reactions 
decreases whilst the probability of radical termination events increases. 
In theory, it is conceivable that all of the mechanisms proposed play a role to some 
extent. For example, Baek et al. conducted 
1
H NMR spectroscopic analysis
 45
 of the 
low molecular weight material after its isolation from a CCS polymer reaction 
mixture, which revealed the presence of unreacted vinyl groups and indicated that its 
exclusion from the CCS polymer was not due to the loss of the MI living ends before 
the addition of some cross-linker. However, the apparent lack of increase in 
molecular weight of this low molecular weight material from the pure MI implied 
that the addition of cross-linker was low and may not have added to all the MIs [54]. 
The nature of the low molecular weight material may not seem that important given 
that the desired component of the reaction is the CCS polymer. However, the way in 
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which it is perceived does have a slight effect on the calculation of the / of the star 
and therefore, the core molecular weight. For example, the value calculated for 
the/may vary depending on the assumption that (i) all of the cross-linker consumed in 
the reaction adds evenly to all the MI (i.e. there is some cross-linker present in the 
low molecular weight material) or (ii) that all of the cross-linker is incorporated into 
the CCS polymer and that none is present in the low molecular weight material. 
Based on these assumptions the/can be calculated according to Eq. (2) and (3). 
 
(2.2) 
 
 
(2.3) 
where Mw(CCS) and Mw(MI) are the weight-average molecular weights of the CCS 
polymer and MI, respectively, Mol. wt.(CL) is the molecular weight of the cross-
linker, X(CL) is the fractional conversion of cross-linker, [CL]/[MI] is the molar ratio 
of cross-linker to MI and WF(arms) is the weight fraction of arms in the CCS polymer 
as determined by Eq. (4): 
 
(2.4) 
where X(MI) is the fractional conversion of MI to Cconversion of MI to CCS polymer 
is high then the f calculated from Eq. (2) and (3) will be in good agreement. 
However, as the conversion of MI to CCS polymer decreases, the f calculated from 
Eq. (2) remains constant, whereas the f calculated from Eq. (3) decreases. This 
difference results from the number of cross-linker molecules added to each MI 
incorporated into the CCS polymer remaining constant regardless of the conversion 
of MI in Eq. (2), whereas, for Eq. (3) the number of cross-linker molecules added to 
each MI incorporated into the CCS polymer increases as the MI conversion 
decreases. In turn, this also affects the calculation of the core molecular weight as 
this is related to the f by Eq. (5). 
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 (2.5) 
The calculation of the f can also be complicated by the introduction of additional 
groups, such as spacers or functional groups, into the core. For example, if a cross-
linker and mono-vinyl monomer are employed during the cross-linking, core 
formation step, then the incorporation of the both components into the core should be 
considered when determining the f. This can be achieved via two approaches 
depending on how the incorporation of the additional group has been determined. If 
the statistical distribution of the additional groups per macromolecule has been 
determined by analytical methods post-synthesis and isolation of the CCS polymer 
(such as a core isolated chromophore) then Eq. (6) can be employed: 
 
(2.6) 
where Mol. wt.(AG) is the molecular weight of the additional group and the term 
mol.(AG)/mol.(CCS) refers to the loading of the additional group. Alternatively, the 
incorporation and conversion of the additional group during core formation may have 
been determined in a similar manner to which the conversion of the cross-linker was 
calculated. 
It should be noted that although Eqs. (2)–(6) are based on Mw values, it is also valid 
to use number-average molecular weight (Mn) and peak molecular weight (Mp) 
values. In theory, a more accurate determination of the f can be obtained by 
calculations based on the Mn, however, absolute Mw values determined from light 
scattering measurements are more accurate than the number-average counterparts 
obtained by membrane osmometry or other methods. Furthermore, the f actually 
represents the average number of arms, as CCS polymers are not uniform in arm 
number, but involve a statistical distribution of arm numbers.  
2.4.1.1 NMP and metal catalysed ATRP 
The construction of CCS polymers via NMP and metal catalysed ATRP generally 
involves the preparation of a living MI followed by cross-linking with a divinyl (or 
higher) cross-linker in either a one-pot or two-pot strategy. Whereas the one-pot 
strategy involves the addition of cross-linker to the MI formation reaction at a certain 
monomer conversion, the two-pot strategy involves synthesis and isolation of the MI 
 
24 
followed by a second reaction with cross-linker. To maintain a high proportion of 
living polymer chains in the initial stage of the two-pot strategy, the synthesis of the 
MI is stopped prior to complete consumption of the monomer (as side reactions 
become apparent at low monomer concentrations) [55]. Evidently, the one- and two-
pot strategies lead to CCS polymers with slightly different cross-linking densities 
within the core as a result of the incorporation of a spacer group (the monomer 
remaining from the MI synthesis) in the one-pot strategy. Similarly, the preparation 
of CCS polymer via RAFT polymerisation utilises a MI terminated with a chain 
transfer agent. An alternative to MIs, recently reported by Gao et al., utilises MMs in 
the presence of a small molecule initiator and cross-linker to prepare CCS polymers 
via ATRP [52]. 
2.4.1.2 RAFT Polymerisation 
Initial attempts to apply RAFT polymerisation for the preparation of CCS polymers 
from dithiobenzoate terminated living PSt and DVB lead to the formation of 
macromolecules with broad polydispersities as a result of side reactions involving the 
intermediate radicals [56]. and potentially, core and chain shielding effects [57]. The 
slow consumption of MIs in the initial stages of the reaction (relative to ATRP and 
NMP reactions) was attributed to the difference in the polymerisation mechanism as 
a result of the addition–fragmentation equilibrium of the RAFT process [58]. Given 
that linear polymer chain radicals can attack dithiobenzoate groups in lightly cross-
linked star polymers to release dithiobenzoate terminated linear polymer chains and 
vice versa, it is understandable that the linear polymers are consumed slowly. Once 
most of the DVB has been consumed reactions between CCS polymers occur as a 
result of the high proportion of dithiobenzoate groups located within the core, which 
leads to the polymerisation of DVB and/or pendent vinyl groups. Hence, the 
appearance of a high molecular weight peak in the GPC traces and the observed 
increase in PDI. 
2.4.2 Structural Control and Diversity 
2.4.2.1 Structural Control 
Optimisation and appreciation of structural control in of CCS polymers systems offer 
considerable challenges to the synthetic polymer scientist. In addition to the type of 
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CRP technique employed, the structure (molecular weight, f, Rg and core size) and 
yield (conversion of MI to CCS polymer) of CCS polymers are dictated by a wide 
variety of experimental factors, namely the type of MI (or MM) and cross-linker 
used, the type of catalyst and catalyst–ligand complex (ATRP), the DP of the MI, the 
molar ratio of cross-linker to MI, the concentration of the MI, the incorporation of a 
spacer group during core formation and the nature of the solvent. 
Three of the most important considerations when preparing CCS polymers are the 
cross-linker/MI molar ratio, the concentration of MI and the DP of the MI. However, 
in turn, these variables are affected somewhat by the structure and reactivity of the 
cross-linker, and the structural composition of the MI. Regardless of these 
complexities some general trends can be noted; for example, an increase in the cross-
linker/MI molar ratio or MI concentration, up to a certain point, leads to an increase 
in CCS polymer molecular weight and yield. Further increases result in the formation 
of star– star coupled products with broad polydispersities and even insoluble gels. 
Increasing the DP of the MI usually results in a decrease in the molecular weight and 
yield of the CCS polymer. 
2.4.2.2 Structural Diversity 
In addition to the previously mentioned CCS polymers that possess homopolymeric 
arms, CRP and the arm-first technique also makes it possible to prepare a wide range 
of compositionally diverse and complex stars. For example, the preparation of CCS 
polymers using block copolymer MIs results in symmetrical stars with inner- and 
outer-shell morphologies (Fig.2.8). Furthermore, careful selection of the polymeric 
blocks used in the arms enables the facile production of CCS polymers with 
amphiphilic characteristics or compartmentalised interior environments. Similarly, 
CCS polymer with gradient or random copolymer arms (Fig.2.8) can be prepared 
using the corresponding MIs. Miktoarm (or asymmetrical) CCS polymers (Fig. 2.8) 
[58] possess molecular weight asymmetry (unequal arms) and/or chemical 
asymmetry (chemically different arms). Consequently, CCS polymers that have arms 
of similar chemical composition, but different end groups, can also be categorised as 
miktoarm stars. 
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          Figure 2.8: Pictorial representation of CCS polymers with different types and              
combinations of arms. 
2.4.2.3 Miktoarm CCS Polymers 
Miktoarm CCS polymers have been prepared via CRP using two synthetic strategies, 
namely the „in–out‟ method and a multiple MI approach. The „in–out‟ method has 
been successful in preparing CCS polymers containing two kinds or arms with 
different chemical compositions and initially involves the formation of a symmetrical 
CCS polymer, which then acts as a multifunctional initiator for the subsequent 
growth of the second generation of arms. Noteworthy is the fact that as a result of the 
sterically congested core, initiation efficiency of the second generation of arms is 
reduced leading to miktoarm CCS polymers with fewer second generation arms rela-
tive to the first generation. Comparatively, miktoarm CCS polymers can be prepared 
with relative ease using a combination of MIs or MMs with different chemical 
compositions in a single reaction. 
2.4.3 Thermal Properties CCS Polymers 
In general, CCS polymers display Tg values that correspond to the arms and are 
similar to linear polymers of the same composition. As one might expect from a 
 
27 
cross-linked network, the core of CCS polymers display no Tg values as a result of 
their rigid structure and lack of mobility. For example, differential scanning 
calorimetry of CCS polymers comprised of PDMS, PEA, PMA, P
f
BA or PMMA arms 
displayed single Tg values (-123, -30, 2, 48 and 100°C, respectively) [59], which 
were in accordance with literature values for the corresponding linear analogues of 
the arms. Similarly, the Tg of a PMMAarmPDVBcore CCS polymer was reported to be 
comparable with that of a linear analogue of the arms [60]. In neither case were 
transitions observed for the core. The thermal degradation of a PMMAarmPDVBcore 
CCS polymer was investigated by Goh et al. using thermal gravimetric analysis [60]. 
Two major degradation events were observed at 405 and 460°C and were attributed 
to PMMA random chain scission and PDVB degradation, respectively. 
2.5 Click Chemistry  
Click chemistry has become a very popular topic, as evidenced by a nearly 
exponential growth in the amount of related publications. A literature search via 
SciFinder Scholar ®, performed on December 31st of 2008, revealed a total of 788 
publications containing the keywords “click chemistry” or “click reaction”, which 
included journal articles, reviews, preprints, abstracts, patents, and dissertations.  
Dr. Sharpless defined click chemistry as a group of reactions that “…must be 
modular, wide in scope, give very high yields, generate only inoffensive byproducts 
that can be removed by nonchromatographic methods, and be stereospecific (but not 
necessarily enantioselective). The required process characteristics include simple 
reaction conditions (ideally, the process should be insensitive to oxygen and water), 
readily available starting materials and reagents, the use of no solvent or a solvent that 
is benign (such as water) or easily removed, and simple product isolation. Purification, 
if required, must be by nonchromatographic methods, such as crystallization or 
distillation, and the product must be stable under physiological conditions”. The 
identification of this group of reactions was a direct result of Mother Nature‟s strategy 
of achieving astonishing biological diversity from a very limited number of monomers 
(i.e. proteins from amino acids, nucleic acids from nucleotides, etc.). Puzzled by the 
slowness and inefficiency of the conventional drug discovery process, Dr. Sharpless 
proposed a new tactic, one in where large combinatorial libraries could be easily 
prepared by linking available building blocks via click reactions. The rule of thumb for 
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this approach was that “…all searches must be restricted to molecules that are easy to 
make” 61. Interestingly, applications of click reactions in polymer sciences are warmly 
welcomed and considered as an immediate success. Biomedical applications of click 
chemistry, especially in pharmaceutical sciences, are also emerging as a field of great 
interest. One reason is in many areas of research, such as drug delivery and 
nanomedicine, linker chemistry plays a pivotal role.  
2.5.1 Classification of Click Reactions 
As already implicated, click chemistry encompasses a group of powerful linking 
reactions that are simple to perform, have high yields, require no or minimal 
purification, and are versatile in joining diverse structures without the prerequisite of 
protection steps. To date, four major classifications of click reactions have been 
identified (Fig.2.9). 
Cycloadditions; these primarily refer to 1,3-dipolar cycloadditions, but also include 
hetero-Diels-Alder cycloadditions [61]. 
Nucleophilic ring-openings; these refer to the openings of strained heterocyclic 
electrophiles, such as aziridines, epoxides, cyclic sulfates, aziridinium ions, 
episulfonium ions, etc. [62]. 
Carbonyl chemistry of the non-aldol type; examples include the formations of ureas, 
thioureas, hydrazones, oxime ethers, amides, aromatic heterocycles, etc. [61]. 
Carbonyl reactions of the aldol type generally have low thermodynamic driving 
forces, hence they have longer reaction times and give side products, and therefore 
cannot be considered click reactions [61]. 
Additions to carbon-carbon multiple bonds; examples include epoxidations, 
aziridinations, dihydroxylations, sulfenyl halide additions, nitrosyl halide additions, 
and certain Michael additions [61,62]. 
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Figure 2.9: Major classifications of click chemistry reactions, along with 
corresponding examples. Nu Nucleophile; EWG electron 
withdrawing group. 
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Among the four major classifications, cycloadditions, particularly the CuI-catalyzed 
Huisgen 1,3-dipolar cycloaddition (HDC) of azides and terminal alkynes to form 1,2,3-
triazoles [63], are the most widely used.  
2.5.1.1 Cu(I)-Catalyzed Huisgen 1,3-Dipolar Cycloaddition of Azides and 
Terminal Alkynes 
The CuI-catalyzed Huisgen 1,3-dipolar cycloaddition of azides and terminal alkynes to 
form 1,2,3-triazoles is the model example of a click reaction . It fulfills all of the criteria 
of click chemistry perfectly, no matter how subjective they may be, and is therefore 
extremely reliable and easy to use. This reaction exclusively forms 1,4-substituted 
products, making it regiospecific. It typically does not require temperature elevation but 
can be performed over a wide range of temperatures (0–160°C), in a variety of solvents 
(including water), and over a wide range of pH values. It proceeds as much as 107 times 
faster than the uncatalyzed version, and purification essentially consists of product 
filtration [64,65,66]. Furthermore, it is unaffected by steric factors. “Variously 
substituted primary, secondary, tertiary, and aromatic azides readily participate in this 
transformation. All of these characteristics make this cycloaddition particularly popular 
among the other click reactions described above. Two additional reasons for the 
popularity of this cycloaddition are azides and terminal alkynes are fairly easy to install 
and they are extremely stable at standard conditions[62,67]. They both can tolerate 
oxygen, water, common organic synthesis conditions, biological molecules, a large 
range of solvents and pH‟s, and the reaction conditions of living systems (reducing 
environment, hydrolysis, etc.) [62,64,68]. Even though the decomposition of aliphatic 
azides is thermodynamically favored, a kinetic barrier exists that allows them to be 
stable in the aforementioned conditions[64]. They will essentially remain “invisible” in 
solution until a dipolarophile, such as an alkyne, comes into contact [64]. 
2.5.1.2 Mechanism of HDC Reaction 
In general, cycloadditions proceed through a concerted mechanism. However, 
experimental kinetic data and molecular modeling  performed on the HDC reaction 
seem to favor a stepwise reaction pathway. It has been calculated that the activation 
barrier for a catalyzed concerted HDC reaction is actually greater than that for an 
uncatalyzed concerted reaction (27.8 kcal/molvs. 26 kcal/mol in one particular reaction 
using density functional theory calculations) [66]. Furthermore, a stepwise-catalyzed 
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HDC reaction has an activation barrier 11 kcal/mol lower than a concerted catalyzed 
reaction [64]. 
Based on experimental evidence and the fact that CuI can readily insert itself into 
terminal alkynes. 
Thereafter, deprotonation of the terminal hydrogen occurs to form a Cu-acetylide. 
There are actually several different kinds of Cu-acetylide complexes that can form, 
depending on the reaction conditions utilized; 2 represents just one possibility. The π 
complexation of CuI lowers the pKa of the terminal alkyne by as much as 9.8 pH units, 
allowing deprotonation to occur in an aqueous solvent without the addition of a base 
[64]. If a non-basic solvent such as acetonitrile was to be used, then a base, such as 2,6-
lutidine or N,N′-diisopropylethylamine (DIPEA), would have to be added [69]. 
In the following step, N(1) displaces one of the ligands from the second Cu in the Cu-
acetylide complex to form 3. In turn, this “activates” the azide for nucleophilic attack 
C(5). Due to proximity and electronic factors, N(3) can now easily attack C(4) of the 
alkyne, leading to a metallocycle (not shown for simplicity). The metallocycle then 
contracts when the lone pair of electrons of N(1) attacks C(5) to form the respective 
triazole 4. Once 4 forms, the attached Cu dimmer immediately complexes to a second 
terminal alkyne. However, this second alkyne cannot undergo a cycloaddition due to the 
unfavorable structure of the complex, and it dissociates upon protonation to reform 4. 
One final protonation releases the CuI catalyst from the 1,2,3-triazole product 5, to 
undergo a second catalytic cycle with different substrates[64]. Both of these 
protonations are most likely the result of interactions with protonated external base 
and/or solvent, but further studies are needed to conclusively confirm [64]. 
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      Figure 2.10: Proposed mechanism for the HDC reaction. Ligands are represented 
by “L” and symbolize a wide variety of possible compounds, 
depending on the catalyst used. As an example, if CuBr was used as 
the catalyst then the ligand would be bromide.  
2.5.1.3 Catalysts 
There are a number of methods to generate the active catalyst for the HDC reaction. 
One of the most common techniques is to reduce CuII salts, such as CuSO4·5H2O, in 
situ to form CuI salts. Sodium ascorbate is typically used as the reducing agent in a 3- to 
10-fold excess [64], but other reducing agents, including hydrazine [69]  and tris(2- 
carboxyethyl)phosphine (TCEP) 
9
, have been used with reasonable success. The 
advantages of this strategy are it is cheap, it can be performed in water, and it does not 
require deoxygenated atmosphere [64,70]. Not only does an aqueous solvent remove 
the need for a base, as previously explained, but it also eliminates the need for 
protecting groups (O–H and N–H functional groups essentially remain “invisible” in 
aqueous solutions) and it is environmentally safe [61]. The main disadvantage is the 
reducing agent might reduce CuII down to Cu0. This can generally be prevented, 
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though, by using a proper ratio of reducing agent to catalyst and/or adding a 
copperstabilizing agent, such as tris-(hydroxypropyltriazolylmethyl) amine (THPTA). 
A second way to create the catalyst is to directly add CuI salts. Many such compounds 
have been utilized over the past few years, including CuBr, CuI, CuOTf·C6H6 (OTf= 
trifluoromethanesulfonate), [Cu(NCCH3)4][PF6], etc. . 
This method does not require a reducing agent, but it has to be done in a deoxygenated 
environment and in an organic solvent (or a mixed solvent), meaning that protection 
groups will probably be needed along with a base [70]. It has been shown that using 
excess amounts of both the bases 2,6- lutidine and DIPEA produce the best results, 
causing the least amount of side products [69]. Still, CuI salts are not as reliable as the 
CuII procedure. Oxidizing copper metal with an amine salt is another way to generate 
the catalyst [66,70]. There are a considerable number of disadvantages with this 
strategy. Longer reaction times are needed, as well as larger amounts of copper, it is 
more expensive, and requires a slightly acidic environment to dissolve the metal, which 
could be damaging to any acidicsensitive functional groups present in the reactants[64]. 
Recently, CuI-modified zeolites were reported as catalysts for the HDC reaction. 
“Zeolites” refers to a family of aluminosilicate minerals, occurring both naturally and 
synthetically, that are highly porous and therefore have large surface areas [71,72]. 
They are particularly desired as catalysts because of their “…high concentration of 
active acid sites, their high thermal/hydrothermal stability, and high size selectivity” 
[72]. 
2.5.2 Polymer Therapeutics and Click Chemistry 
„Polymer therapeutics‟ is an umbrella term used to describe polymeric drugs, polymer-
drug conjugates, polymerprotein conjugates, polymeric micelles to which drug is 
covalently bound, and multi-component polyplexes that are being developed as non-
viral vectors. All subclasses use specific water-soluble polymers, either as the bioactive 
itself or as an inert functional part of a multifaceted construct for improved drug, 
protein, or gene delivery” [73]. While polymer therapeutics have been used to treat 
numerous diseases, they are particularly effective against those that have an enhanced 
permeability and retention (EPR) effect, such as rheumatoid arthritis [74] and solid 
tumors [74]. Non-viral gene therapy formulations based on synthetic polymers have 
been extensively investigated and have shown better safety profiles than viral gene 
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vehicles, though their gene transfection efficacy is relatively low [75]. Conjugation of 
biocompatible polymers, such as poly(ethylene glycol) (PEG), to therapeutic proteins 
and peptides has proved to be a very effective strategy in reducing immunogenicity and 
increasing bioavailability [76,77]. Clearly, biocompatible polymers have played vital 
roles in modern pharmaceutical sciences, especially in drug delivery and formulations. 
Nevertheless, simpler and more efficient polymer chemistry is needed to meet the ever-
increasing demand for highly diverse pharmaceutical properties. 
As explained previously, click chemistry was initially developed as a drug discovery 
tool. However, its most successful applications thus far have been in the field of 
polymer chemistry. Over one third of all publications containing the keywords “click 
chemistry” or “click reaction” are related to polymer synthesis and/or modification. 
Generally, these publications can be classified into five broad categories:  
• block copolymer synthesis,  
• linear multifunctional copolymer synthesis,  
• dendrimer synthesis,  
• polymer network synthesis, and  
• polymer analogous modification. 
2.5.2.1 Synthesis of Block Copolymers with Click Reaction 
Biocompatible amphiphilic block copolymers have many pharmaceutical applications. 
They have been extensively used in the formulation of various nanoparticulate 
structures, such as micelles, nanospheres, nanocapsules, polymersomes, etc. Typically, 
block copolymers are synthesized via two routes:  
(A) sequential addition of different monomers into polymerizations containing living 
reaction centers [78,79]. Living ionic polymerizations, atom transfer free radical 
polymerizations  (ATRP), reversible addition fragmentation chain transfer (RAFT) 
polymerizations, ring-opening polymerizations (ROP), or their combination have all 
been utilized to obtain well-defined block copolymers of different components.  
(B) Linking different linear polymer chains via their terminal functionalities. While the 
latter method allows the combination of polymer blocks that may not be compatible 
with the first, the lack of efficient linker chemistry has made this route rarely used. The 
emergence of click chemistry drastically changed the scientific community‟s views on 
block copolymer synthesis. Because of its extremely high reaction efficiency and 
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tolerance to a variety of functional groups, click chemistry has become the hallmark of 
linker chemistry. It is one of the most efficient ways to join two substances together and 
has thus been used repeatedly to link well-defined homopolymers to form block 
copolymers.  
Clearly, click chemistry has revitalized the second strategy of block copolymer 
synthesis. Many monomers that cannot be used to produce block copolymers via living 
polymerizations (due to extremely disparate reactivities or solubility differences) can 
now be easily incorporated through the second strategy. Quite literally, with click 
chemistry, any two homopolymer blocks can be joined together to form block 
copolymers. This opens the door for combinatorial block copolymer synthesis, allowing 
diverse copolymers with very unique properties to be synthesized quickly and easily, 
which could potentially lead to great strides in the field of pharmaceutical sciences. 
Click Chemistry and Polymeric Micelles one of the main pharmaceutical applications 
of amphiphilic block copolymers is the construction of polymeric micelles as delivery 
vehicles for therapeutic, imaging, or diagnostic agents [80,81]. Although polymeric 
micelles are simple and effective delivery systems that have been evaluated in clinical 
treatments for various cancers, they still face several challenges such as stability and 
control of drug release. To improve these problem areas, many different methodologies 
have been explored [82,83]. 
2.5.2.2 Click Chemistry and Linear Multifunctional Polymeric Delivery Systems 
The most commonly used biocompatible water-soluble polymers for drug delivery 
include N-(2-hydroxypropyl) methacrylamide (HPMA) copolymers, polyglutamate, 
and PEG. Among them, HPMA copolymer is the most extensively studied drug carrier, 
with more than half of all polymeric drug conjugates in clinical evaluations based on 
this polymer [84,85]. While the field of water-soluble polymeric drug conjugates has 
gradually matured over the past few decades, challenges still remain in many aspects of 
its development:  
(1) compared to the construction of other drug delivery systems (e.g. liposome, micelles 
and nanoparticles), the synthesis of polymer-drug conjugate is relatively complex. For 
carriers based on vinyl polymers such as HPMA copolymer, the introduction of a new 
drug to the conjugate often involves multi-step synthesis of a new drug-containing vinyl 
monomer and its subsequent copolymerization with HPMA and other co-monomers.  
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(2) Another issue is the nondegradable nature of vinyl polymers and PEG. While a 
polymer carrier with high molecular weight (MW) would render a long half-life for the 
conjugated drug in circulation, the MW must be set lower than the threshold of the renal 
glomerular filtration to avoid chronic accumulation of the polymer carrier in vivo and 
its potential negative impact.  
(3) Due to the recent advancement of living free radical polymerizations, the MW and 
polydispersity index (PDI) of vinyl polymer–drug conjugates may be properly 
controlled. Nevertheless, the distribution of functionality along the polymer backbone 
still cannot be controlled. 
(4) Different from vinyl polymers and polyglutamate, PEG has limited sites for 
functionalization. Only the two chain termini can be used for drug conjugation, which 
significantly lowers the drug loading capacity of PEG as a carrier. 
2.5.2.3 Other Polymer-Related Applications of Click Chemistry 
Click chemistry can greatly simplify the synthesis of dendrimers, making them more 
applicable and affordable. These unique structural dendrimers can release all of their 
tail units through a selfimmolative chain fragmentation that is initiated by a single 
cleavage at the dendrimer‟s core [86]. To allow enzymatic activation of the second-
generation of self-immolative dendrimers, azide-monoterminated PEG was conjugated 
to the dendritic platform via click chemistry, which prevented aggregate formation of 
the hydrophobic drugs. Polymer networks such as hydrogels are also often used in drug 
delivery [87].  A few attempts have been made to use click chemistry to synthesize 
polymer networks with high efficiency and reduced defects [88]. The problem with this 
approach, however, is the difficulty of removing copper catalyst from the network. As 
discussed above, polymer analogous reactions are not very efficient due to the steric 
hindrance caused by the polymer backbone. There are often unreacted pendent 
functional groups leftover. Because of its high reaction yield and mild reaction 
conditions, people have tried to introduce azides or acetylenes as novel pendent 
functionalities to the polymer backbone so that it can be used for further click 
modifications [89,90]. One concern, however, is that this strategy will make sense only 
when the click functionalities are introduced by copolymerization, not polymer 
analogous reaction.  
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2.5.3 The Pitfalls of Click Chemistry 
Up until now, it is given the impression that Cu(I)-catalyzed Huisgen 1,3-dipolar 
cycloaddition of terminal alkynes and azides is an “invincible” reaction, always giving 
high yields no matter what the situation. However, the HDC reaction has a number of 
limitations. Firstly, like with any cycloaddition, if the diene (the azide in the case) is too 
electron deficient then it will not undergo the reaction. The energy of its ground state 
configuration is far too low for it to interact with a dienophile (the terminal alkyne). 
Likewise, the dienophile cannot be too electron rich. These situations are highly 
unlikely to occur, though, and require functional groups that are not commonly seen in 
biological systems or administered drugs. 
A more common problem is alkyne homocoupling. This occurs when an alkyne reacts 
with a second  alkyne instead of the azide. As shown in Fig. 11, there are several alkyne 
homocoupling side reactions that can occur, three of which include Glaser [91], Straus 
[92], and Eglinton couplings [93,94]. Some of these require a CuI catalyst (Glaser and 
Straus), while others require CuII (Eglinton) [92]. Some need the presence of oxygen to 
react (Glaser) while others can continue in inert atmosphere (Straus) [93]. Most of these 
reactions, though, can be minimized by using a sterically bulky based. It has been 
shown that the smaller the base, the more it stabilizes the reactive intermediates of the 
homocoupling reactions (not shown), and the lower the percent yield of the 
cycloaddition [94,95]. The small bases tetramethylethylenediamine (TMEDA), 
pyridine, and triethylamine are frequently the culprits when these side reactions occur 
[93,94]. A less common problem is CuI saturation. In order for the click reaction to 
take place, the CuI-acetylide complex intermediate has to have physical contact with the 
azide. If the complex is closely surrounded by terminal alkynes, however, then there is a 
chance that the alkynes will chelate with the complex, thereby “saturating” it. This 
effectively prevents any azide functional groups from reaching the complex and 
performing displacement. CuI saturation is rare, though, as it requires a dienophile that 
contains multiple terminal alkynes that can coordinate to a single location.  
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   Figure 2.11: Three types of alkyne homocouplings that can lower the percent yield of 
the HDC reaction: Glaser (top), Straus (middle) and Eglinton (bottom)
96
. 
A substrate containing four terminal alkynes in close proximity was unable to undergo 
an HDC reaction. However, when the alkynes were replaced with azide functional 
groups, the substrate readily reacted. 
The stability of some azides may also be a limitation. It is known that if the ratio of 
nitrogen atoms to carbon atoms in an organic molecule exceeds, or is equal to, one then 
the molecule should be considered explosive and very dangerous. As an example, 
methyl azide often decomposes explosively and heavy-metal azides are frequently used 
as detonators [97]. All that is required is a slight input of external energy, such as heat 
or pressure [97]. Fortunately, this is generally not a major issue for pharmaceutical 
research, which tends to focus on larger molecules with high carbon contents. 
The click reaction also has challenges pertaining specifically to the field of 
pharmaceutical sciences. One  of the most obvious disadvantages is it requires a copper 
catalyst. Although the human body requires copper in order to function, excessive 
intake can lead to drastic consequences. Some associated side effects include hepatitis, 
neurological disorders, kidney diseases, and Alzheimer‟s disease [98]. The reason for 
this toxicity stems from the fact that copper can easily accept and donate single 
electrons to change oxidation states, thereby allowing it to catalyze toxic reactions, such 
as the in vivo reduction of hydrogen peroxide to form hydroxyl free radicals [98]. 
Therefore, in order for the click reaction to find in vivo applications, the copper catalyst 
must be completely removed. However, this approach can only be applied to large 
molecular weight structures.  
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Another challenge involves biocompatibility of 1,2,3- triazoles. Despite the fact that 
they were first identified over a century ago, not much is known about their biological 
pathways. The individual toxicities of some 1,2,3-triazolecontaining compounds have 
been extensively scrutinized, but no generalities have been established.  
The final limitation discussed is, at the present, many “click-readied” building units and 
“click products” are not yet commercially available. This means it is the responsibility 
of the pharmaceutical scientist to synthesize his/her own compounds or to collaborate 
with others who can. Even though click reactions are some of the easiest and high-
yielding reactions known, this task can seem daunting to even themost experienced 
pharmaceutical scientist, whose typical background is not in organic synthesis. 
Fortunately, click chemistry is still a relatively new idea. As time progresses and this 
methodology gains increased acceptance, more and more products may be made 
available on the market. 
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3.  EXPERIMENTAL WORK 
3.1 Materials 
Styrene (St, 99%, Aldrich) and tert-butylacrylate (tBA, 99%, Aldrich) were passed 
twice through basic alumina column to remove inhibitor and then distilled over CaH2 
in vacuo prior to use. Divinylbenzene (DVB, 80%, Aldrich) was purified twice by 
passing through a column of basic alumina to remove the inhibitor.  N,N,N’,N’’,N’’-
pentamethyldiethylenetriamine  (PMDETA, Aldrich) was destilled over  NaOH prior 
to use. Poly(ethylene glycol monomethyl ether) (Me-PEG) (Mn =  550, Acros) was 
dried over anhydrous toluene by azeotropic distillation. Tetrabutylammonium 
fluoride (TBAF, 1 M in THF, Aldrich)  N,N’-Dicyclohexylcarbodiimide (DCC, 99%, 
Aldrich), 4-dimethylaminopyridine (DMAP, 99%, Acros), CuBr (99.9%, Aldrich) 
were used as received. Dichloromethane (CH2Cl2) was purchased from Aldrich and 
used after distillation over P2O5. Tetrahydrofuran (THF; 99.8%, J.T. Baker) was 
dried and distilled over benzophenone-Na. Other solvents were purified by 
conventional procedures. All other reagents were purchased from Aldrich and used 
as received without further purification.  
3.2 Instrumentation  
The conventional size exclusion chromatography (SEC) measurements were carried 
out with an Agilent instrument (Model 1100) consisting of a pump, refractive index, 
and UV detectors. Four Waters Styragel columns (HR 5E, HR 4E, HR 3, HR 2), (4.6 
mm internal diameter, 300 mm length, packed with 5 μm particles) were used in 
series. The effective molecular weight ranges were 2000- 4.000.000, 50-100.000, 
500-30.000, and 500–20.000, respectively. THF was used as eluent at a flow rate of 
0.3 mL/min at 30°C. Toluene was used as an internal standard. The apparent 
molecular weights and polydispersities were determined with a calibration based on 
linear PS or PMMA standards using PL Caliber Software from Polymer 
Laboratories. The second SEC system with an Agilent 1200 model isocratic pump, 
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four Waters Styragel columns (guard, HR 5E, HR 4, HR 3, and HR 2), and a 
Viscotek TDA 302 triple detector (RI, dual laser light scattering (LS) (λ = 670 nm, 
90° and 7°) and a differential pressure viscometer),  (TD-SEC) was conducted to 
measure the absolute molecular weights in THF with a flow rate of 0.5 mL/min at 
35°C. All three detectors were calibrated with a PS standard having narrow 
molecular weight distribution (Mn = 115,000 g/mol, Mw/Mn = 1.02, [η] = 0.519 dL/g 
at 35°C in THF, dn/dc = 0.185 mL/g) provided by Viscotek company. Data was 
collected using Omni-Sec version 4.5 software from Viscotek Company. DVB 
conversion was determined using the Agilent 6890N gas chromatograph, equipped 
with an FID detector using a wide-bore capillary column (HP5, 30m x 0.32mm x 
0.25 ìm, J and W Scientific). Injector and detector were kept constant at 280 and 285 
°C, respectively. 
3.3 Synthesis of initiator [3-(trimethylsilyl)prop-2-ynyl 2-bromo-2-
methylpropanoate] ((1)) 
3-(trimethylsilyl)prop-2-yn-1-ol (1.142mL, 7.797mmol), 4-dimethylaminopyridine 
(DMAP; 0.476g, 3.898mmol) and triethylamine (Et3N; 1.62mL, 11.7mmol) were 
dissolved in nearly 30 mL of CH2Cl2. 2- bromoisobutryl bromide (1.156mL, 
9.356mmol) was added dropwise within 30 minutes. These steps of the initiator 
synthesis reaction are carried out inert atmosphere (N2(g)). Following the addition of 
2- bromoisobutryl bromide, again 10mL of CH2Cl2 was added dropwise within 10 
minutes. 
After that time, the mixture was stirred additioanal 15 minutes at that temperature 
and than overnight at room temperature. After filtration off little byproduct, the 
mixture is firstly extracted with water, secondly with CH2Cl2 and water. The water 
phase again extracted with CH2Cl2 , and combined organic phase dried with Na2SO4. 
The solution was concentrated, the cured product was purified by coloumn 
chromatography over silica gel eluting with hexane:ethylacetate (4:1) to give a 
viscous yellow oil compound. 
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3.4 Synthesis of sillyl protected PS (Si-p-PS) via ATRP of styrene using (1) as an 
initiator ((2)) 
The reaction was carried out in an 50mL reactor fitted with a magnetic stirrer, a pure 
argon inlet, a temperature-control device, burettes containing the solvent and 
monomers to be added, and a sampling device. The apparatus was designed to 
operate under a slight argon overpressure, allowing all the reaction steps to be carried 
out under the exclusion of air and moisture. 
To a 50 mL Schlenk tube, styrene (40 mL, 349 mmol), PMDETA (0.365 mL, 1.745 
mmol), CuBr (0.250 g, 1.745 mmol), and (1) (0.485 g, 1.745 mmol) were added, and 
the reaction mixture was degassed by three freeze- pump- thaw cycles and left in 
vacuo. The tube was then placed in a thermostated oil bath at 110 °C for 45 min. The 
polymerization mixture was diluted with THF, passed through a column of neutral 
alumina to remove the catalyst, and precipitated into methanol. The polymer was 
dried in a vacuum oven at 40
 °C. [M]0/[I]0= 200; [I]0:[CuBr]:[PMDETA]=1:1:1; 
conversion = 30 %. Mn,theo= 6530, Mn,NMR= 7700, Mn,GPC= 6800, Mw/Mn= 1.07 
3.5 Synthesis of multiarm star polymer  
3.5.1 Synthesis of multiarm sillyl protected (PS)m-polyDVB star polymer (Core) 
((3a)) 
(2) macroinitiator (2 g, 0.296 mmol), anisole (12.0 mL), PMDETA (0.062 mL, 0.296 
mmol), DVB (0.633 mL, 4.44 mmol), and CuBr(0.042g, 0.296 mmol) were charged 
to a Schlenk tube equipped with a magnetic stirrer bar under argon atmosphere. The 
first sample was quickly taken from the reaction mixture for GC measurement, 
before it was degassed by using three FPT cycles. The reaction flask was back-filled 
with argon and immersed in a 110°C oil bath. At timed intervals, samples were taken 
from the reaction mixture with argon purged-syringe under positive argon 
atmosphere. The samples were diluted with THF and purified by passing through 
was diluted with THF, then filtered through a column filled with neutral alumina to 
remove the copper complex and the star polymer was precipitated in methanol. The 
crude product was dissolved in THF and then reprecipitated into methanol/diethyl 
ether mixture (1/2 v/v). Finally, the polymer was dried under vacuum at 40°C for 24 
h. 
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3.5.2 Synthesis of multiarm alkyne-end functionalized (PS)m-polyDVB star 
polymer (Core) ((3b)) 
The previously obtained (3a) (1g, 4.06 μmol) was deprotected by using TBAF (0.2 
mL, 0.2 mmol) in THF (20 mL) . The mixture was stirred for two hours at room 
temperature. The polymer was precipitated into methanol and filtered. 
3.6 Synthesis of 4-(2-methoxyethoxy)-4-oxobutanoic acid (M-PEG-COOH) 
((4a)) 
M-PEG (5 g, 8 mmol) was dissolved in 150 mL of CH2Cl2. To the reaction mixture 
were added Et3N (5.6 mL, 40 mmol) and DMAP (0.9 g, 8 mmol). The mixture was 
stirred for overnight at room temperature. The reaction solution was poured into ice-
cold water (150 mL) and extracted with CH2Cl2. The organic phase again extracted 
with 1M HCl (150 mL). Water phases extracted with CH2Cl2 and combined organic 
phase was dried with anhydrous Na2SO4, and the solvent was removed in vacuo to 
give the compound as a colourless oil. Yield = 5g (95%).  Mn,theo = 650; Mn,NMR = 
615; Mn,GPC = 450; Mw/Mn = 1.1.
 1
H NMR (CDCl3, δ) 4.23 (d, 4H, C=OOCH2), 3.52-
3.65 (m, 4H, OCH2CH2O backbone), 3.35 (s, 3H, OCH3), 2.62 (s, 4H, 
O=CCH2CH2C=O). 
3.7 Synthesis of azide-end functionalized PEG (M-PEG-N3) ((4b)) 
M-PEG-COOH (1 g, 1.53 mmol) was dissolved in 20 mL of dry CH2Cl2. Azido 
ethanol (0.4 g, 4.61 mmol) and DMAP (0.186 g, 1.53 mmol) were added to the 
reaction mixture in that order. After stirring for 5 minutes at room temperature, DCC 
(0.95g, 4.61 mmol), dissolved in 10 mL of CH2Cl2, and was added to the solution. 
The reaction mixture was stirred for 24 h at room temperature. The excess of CH2Cl2 
was evaporated under reduced pressure and the solution was concentrated, the cured 
product was purified by column over silica gel eluting first with CH2Cl2/EtOAc (1/1) 
then CH2Cl2/CH3OH (10/1) to give the compound as a brown oil. Yield = 1 g (91%). 
Mn,theo = 720; Mn,NMR = 620; Mn,GPC = 480; Mw/Mn = 1.05.
 1
H NMR (CDCl3, δ) 4.23 
(t, 4H, CH2OC=O and C=OOCH2CH2N3), 3.45-3.70 (br, 4H, OCH2CH2O backbone 
and C=OOCH2CH2N3), 3.36 (s, 3H, OCH3), 2.67 (s, 4H, O=CCH2CH2C=O). 
 
45 
3.8 Synthesis of multiarm (PEG)k-(PS)m-polyDVB star block copolymer ((5)) 
To a 10 mL Schlenk tube, PEG-N3 (0.025 g, 0.035 mmol), multiarm alkyne-end 
functionalized (PS)m-polyDVB (0.25 g 1 μmol) star polymer, PMDETA (10 μL, 0.05 
mmol), CuBr (0.007 g, 0.05 mmol) and DMF (5 mL) were added, and the reaction 
mixture was degassed by three freeze- pump- thaw cycles and left in vacuo. The 
mixture was stirred for 24 h at room temperature. The reaction mixture was diluted 
with THF, and then filtered through a column filled with neutral alumina to remove 
the copper complex and precipitated into methanol. This procedure was repeated two 
times. The polymer was dried in a vacuum oven at 40 °C for 24 h. 
3.9 Synthesis of azide-end functionalized PtBA (PtBA-N3) ((7)) 
PtBA was prepared by ATRP of tBA using compound 2 as an initiator. To a 25 ml 
Schlenk tube, tBA (12 mL, 82 mmol), PMDETA (0.171 mL, 0.82 mmol), CuBr 
(0.117 g, 0.82 mmol), ethylene carbonate (1.05 g, 0.102 mmol), and 2 (0.16 g, 0.82 
mmol) were added, and the reaction mixture was degassed by three freeze- pump- 
thaw cycles and left in vacuo. The tube was then placed in a thermostated oil bath at 
80
o
C for 30 minutes. The polymerization mixture was diluted with THF, passed 
through a neutral alumina column to remove the catalyst, and precipitated into the 
solution of water and methanol (1:4 v/v). After decantation, the polymer was 
dissolved in CH2Cl2, extracted with water and the water phase was again extracted 
with CH2Cl2 and combined organic phase was dried over Na2SO4 and evaporated. 
The polymer was dried in a vacuum oven at 40°C. M]0/[I]0= 100; 
[I]0:[CuBr]:[PMDETA]=1:1:1; conversion = 30 %. Mn,theo= 4040, Mn,NMR= 4500, 
Mn,GPC= 3870, Mw/Mn= 1.12 
Previously obtained bromo-end functionalized PtBA (1g, 0.22 mmol) was dissolved 
in 10 mL of DMF and NaN3 (0.43 g, 6.66 mmol) was added. The reaction mixture 
was stirred at 50 ºC for 1 d, after which time it was cooled to room temperature and 
diluted with CH2Cl2, and extracted 2 times with water. The organics were dried over 
Na2SO4 and evaporated. The polymer was dried in a vacuum oven at 40 °C. Yield = 
0.8 g (80 %). Mn,theo= 4000, Mn,NMR= 4500, Mn,GPC= 4050, Mw/Mn= 1.10. 
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3.10 Synthesis of multiarm (PtBA)n-(PS)m-polyDVB star block copolymer via 
click chemistry ((8)) 
To a 10 mL Schlenk tube, PtBA-N3 (0.168 g, 0.035 mmol), multiarm alkyne-end 
functionalized (PS)m-polyDVB (0.25g, 1 μmol) star polymer, PMDETA (10 μL, 0.05 
mmol), CuBr (0.007 g, 0.05 mmol) and DMF (5 mL) were added, and the reaction 
mixture was degassed by three freeze- pump- thaw cycles and left in vacuo. The 
mixture was stirred for 24 h at room temperature. The reaction mixture was diluted 
with THF, and then filtered through a column filled with neutral alumina to remove 
the copper complex and precipitated into methanol. This procedure was repeated two 
times. The polymer was dried in a vacuum oven at 40°C for 24 h. 
3.11 Synthesis of multiarm (PEG)k-(PtBA)n-(PS)m-polyDVB hetero star block 
copolymer  ((9)) 
To a 10 mL Schlenk tube, multiarm alkyne-end functionalized (PS)m-polyDVB (0.30 
g 1.2 μmol) star polymer, PEG-N3 (0.014 g, 0.019mmol), PtBA-N3 (0.091 g, 0.019 
mmol), and DMF (5mL) were added. The mixture was stirred for 5 min. at room 
temperature then PMDETA (10 μL, 0.05 mmol), CuBr (0.007 g, 0.05 mmol) were 
added immediately afterwards the reaction mixture was degassed by three freeze- 
pump- thaw cycles and left in vacuo. The mixture was stirred for 24 h at room 
temperature. The reaction mixture was diluted with THF, and then filtered through a 
column filled with neutral alumina to remove the copper complex and precipitated 
into methanol. This procedure was repeated two times. The polymer was dried in a 
vacuum oven at 40 °C for 24 h. 
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4.  RESULTS and DISCUSSION 
4.1 Synthesis of Initiator  
Synthesis of 3-(trimethylsilyl)prop-2-ynyl 2-bromo-2-methylpropanoate (1) was 
achieved by using catalytic amount of 4-dimethylaminopyridine as catalyst, and in 
this step one point has to be emphasized that the reaction must take place at zero 
temperature with drop by drop addition of 2-bromoisobutryl bromide.  
 
Figure 4.1: Synthesis of 3-(trimethylsilyl)prop-2-ynyl 2-bromo-2-
methylpropanoate, 1. 
The 
1
H NMR spectrum of the compound, (1), is shown in Figure 1. 
 
Figure 4.2: The 1H NMR spectrum 3-(tri-methyl-silyl)prop-2-ynyl 2- bromo-2-   
methylpropanoate in CDCl3. 
4.2 Synthesis of α-silyl protected alkyne polystyrene (α-silyl-alkyne-PS) 
α-silyl-alkyne-PS was prepared by ATRP of St using 1 as initiator and 
PMDETA/CuBr as catalyst at 110 
o
C for 45 min. Silyl protection of prop-2-ynyl 2-
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bromo-2-methylpropanoate to give initiator 1 was carried out to prevent the 
unwanted radical polymerization of alkyne during ATRP of St at 110 
o
C. DPn of α-
silyl-alkyne-PS was calculated to be 61.5 by comparing integration areas of signal at 
7.5-6.5 (ArH of PS) to that of (CH3)3Si- (α-end group of PS) at 1.19 ppm. 
Consequently, NMR number-average molecular weight (Mn,NMR) of α-silyl-alkyne-PS 
was calculated to be Mn,NMR= 61.5 X 104.1 + 278 (MW of 1) = 6680. Moreover, 
theoretical molecular weight (Mn,theo) was determined using a following equation: 
Mn,theo= ([M]0/[I]0) X conv. % X Mw of St + Mw of (1) = 200 X 0.3 X 104.1 + 278 = 
6530). Mn.GPC = 6800 and Mw / Mn = 1.07 values were determined from conventional 
GPC calibrated with PS standards in THF at 30 
o
C and found to be consistent with 
those from Mn,NMR and Mn,theo. These results from NMR and GPC displayed that a 
successful living polymerization reaction occurred. Well defined PS was obtained 
from the ATRP of the related monomer by using (1) as initiator. 
             
Figure 4.3: Synthesis of α-silyl protected alkyne polystyrene (α-silyl-alkyne-PS), 
2. 
The experimental details and results are shortly given; [M]0/[I]0 = 200; 
[I]0/[CuBr]0/[PMDETA]0 = 1/1/1; conversion (%) = 30; Mn,theo = 6530, Mn,NMR = 
6680, Mn,GPC = 6800, Mw/Mn = 1.07, relative to PS standards).  
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Figure 4.4: The 1H NMR spectrum α-silyl-alkyne-PS in CDCl3. 
4.3 Synthesis of multi-arm tri-methyl silyl-end functionalized (PS)m-polyDVB 
star polymer 
Multi-arm tri-methyl silyl-end functionalized (PS)m-polyDVB star polymer was 
obtained using (2) as macroinitiator and DVB as cross-linker in ATRP condition at 
110°C.
 
Figure 4.5:  The synthesis of multi-arm tri-methyl silyl-end functionalized (PS)m-
polyDVB star polymer, (3a). 
It was demonstrated that soluble star polymers could be obtained when a suitable 
molar ratio of DVB to macroinitiator (i.e. 15) was used. The polymerization was 
monitored via GC and GPC while taking samples at time intervals. After 9 h at 85 % 
conversion, the reaction was stopped and the reaction mixture was purified by two 
dissolution-precipitation cycles (THF-methanol/diethyl ether) to remove unreacted 
linear α-silyl-alkyne-PS. Figure 6 shows a series of conventional SEC curves of the 
reaction products at a given polymerization time and the purified multiarm star 
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polymer.  It was observed that the peak corresponding to the star polymer was shifted 
to the higher molecular weight region of the chromatogram and the RI signal 
corresponding to the PS macroinitiator also decreased with the extent of cross-
linking reaction. These results clearly indicate that the formation of the multi-arm tri-
methyl silyl-end functionalized (PS)m-polyDVB star polymer (Core) (3a) is 
achieved.
 
Figure 4.6: Evolution of GPC traces of (α-silyl-alkyne-PS)n-polyDVB multiarm   
star polymer using  RI  detector   in  THF   at   30  
o
C   ([DVB]0/15  
=  [α-silyl-alkyne-PS]0  =  [CuBr]0  = [PMDETA]0 = 0.023 M in 
anisole at 110 
o
C). 
A mono-modal GPC trace and low molecular weight distribution for ( -silyl-alkyne-
PS)npolyDVB multiarm star polymer were detected. 
4.4 Hydrolysis of multi-arm silyl protected (PS)m-polyDVB star polymer ((3b)) 
Synthesis of multi-arm alkyne-end functionalized (PS)m-polyDVB star polymer 
(Core) (3b) was accomplished via hydrolysis reaction of (3a) by using TBAF in 
THF.  
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Figure 4.7: Hydrolysis of multi-arm silyl protected (PS)m-polyDVB star polymer, 
(3b). 
The alkyne end-functionality of PS (3b) was confirmed with 
1
H NMR spectra. The 
1
H NMR spectrums of the compounds (3a, 3b) are given in Figure 8. The 
disappearance of the signal at δ 0.17 corresponding to (CH3)3Si- confirmed the 
structure of (alkyne-PS)n-polyDVB multiarm star polymer. 
 
Figure 4.8: The 1H NMR spectrum of alkyne end-functionalized PS in CDCl3. 
The molecular weight values (Mn, Mw, Mp) of (PS)m-polyDVB star polymer obtained 
using conventional SEC and Viscotek triple detection SEC (TD-SEC)  instruments 
are given in Table 4.1. 
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Table 4.1 : The characterization of multiarm star polymer. 
Polymers 
 
SEC 
 
 
TD-SEC 
M
n
 
(g/mol) 
M
w
 
(g/mol) 
M
p
 
(g/mol) 
M
w
/M
n
 
 
M
n
 
(g/mol) 
M
w
 
(g/mol) 
M
p
 
(g/mol) 
[η] 
(dL/g) 
Rh 
(nm) 
dn/dc 
(mL/g) f 
c
 f
d
 
Alkyne-(PS)
m
-polyDVB
a
 
73650 87500 84450 1.18 
 
250700 223400 223400 0.162 8.45 0.185 27 26 
(PS)
m
-polyDVB-(PEG)
k
 
45000 48100 50750 1.07 
 
257400 269100 222300 0.151 8.6 0.124
e
 - - 
(PS)
m
-polyDVB-(PtBA)
n
 
86650 110450 102850 1.27 
 
326050 383700 325650 0.159 9.7 0.135
e
 - - 
(PS)
m
-polyDVB-(PEG)
k
-
(PtBA)
n
 64000 70800 71350 1.11  
335500 359350 318350 0.21 10.2 0,143 
  
a
 [DVB]0/15 = [Si-p-PS]0 = [CuBr]0 = [PMDETA]0 = 0.023M in anisole at 110°C.  
b
 Molecular weight at peak apex. 
d
 Number of arms in multi-arm star polymer calculated by eq. 1. 
e
 Calculated using eq. 2. 
d
Molecular weigths were calculated according to linear PS standards. 
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It should be noted that there is a discrepancy between the molecular weight values 
obtained by conventional SEC and TD-SEC. This is expected that because star 
polymers have more compact structure than linear polymer of equivalent molecular 
weight and composition resulting in smaller hydrodynamic volume. Thus, apparent 
molecular weight of star polymers is underestimated by conventional SEC. 
Refractive index (RI), light scattering (LS) and differential viscometer detectors in 
TD-SEC instrument provides more advanced and accurate technique to measure the 
absolute molecular weight of star polymer, if refractive index increment (dn/dc) 
value of the analyzed polymer is known. Although, dn/dc value of linear PS is 
available, an attempt has been made to clarify the effect of cross-linked DVB core on 
dn/dc value of multi arm PS star polymer.  Therefore, the dn/dc of (PS)m-polyDVB 
was measured by TD-SEC instrument and found to be 0.185 mL/g in THF at 35 
o
C, 
which is equal to that of  linear PS. The weight average arm number (f ) of (PS)m-
polyDVB star polymer was calculated using the following equation based on the 
absolute molecular weights (Mw) of multiarm star polymer. 
 
(4.1) 
Where WFarm is the weight fraction of PS arm in the star polymer, Mw,star and Mw,arm 
are the absolute molecular weights of the (PS)m-polyDVB star and Si-p-PS arm, 
respectively obtained from TD-SEC instrument introducing  the predetermined dn/dc 
value of PS to OmniSEC software, MDVB is the molecular weight of DVB, 
[DVB]/[Si-p-PS] is a feed molar ratio of the DVB to Si-p-PS before cross-linking 
polymerization. The conversion of DVB (convDVB) was determined by GC. Thus, the 
weight average arm number (f ) of per molecule of (PS)m-polyDVB star was 
calculated to be 27 and listed in Table 1. It is generally accepted that the intrinsic 
viscosity comparison of star polymer and its linear counterpart provides the most 
convenient method to elucidate the structure of star polymers, where g’ is the 
contraction factor as given in Eq. 2.
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g’ = [ ]star / [ ]linear  (M = constant)                                                                                           (4.2) 
Mark-Houwink-Sakurada (MHS) parameters k and a for linear PS were determined 
to be 2.37x10
-4
 dL/g and 0.666 respectively in THF at 35 
o
C using a series of linear 
narrow PS standards by TD-SEC. Then, using these parameters [ ]linear was 
calculated  to have 0.955dL/g for a specified molecular weight (Mw = 250750) of 
linear PS. Moreover, the [ ]star of (PS)m-polyDVB star polymer was measured to 
have 0.1625 dL/g by viscometer detector in TD-SEC.  
Multi-arm alkyne-end functionalized (PS)m-polyDVB star polymer (Core) (3b) was 
then reacted with PEG-N3 and/or PtBA-N3 to give multiarm star block copolymers 
via click reaction.  
4.5 Synthesis of azide-end functionalized PEG (M-PEG-N3) ((4b)) 
Starting from PEG-OH, two esterification reaction steps are needed to produce PEG-
N3. First PEG-COOH was achieved with a reaction of PEG-OH and succinic 
anhydride catalyzed by Et3N/DMAP in CH2Cl2. Second esterification reaction 
between PEG-COOH and 2-azidoethanol afforded the synthesis of PEG-N3.  
 
Figure 4.9: The synthesis azide-end functionalized PEG (M-PEG-N3), (4b). 
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1
H NMR analysis confirmed the azido group introduction to the structure, displaying 
new signals corresponding to -CH2N3 appeared at 3.55-3.45 ppm. DPn was 
calculated to be 10 from a ratio of terminal protons of PEG backbone 
(C=OCH2CH2C=O) (δ 2.67) to that of OCH2CH2O backbone (δ 3.70-3.55). 
Mn,NMR was consequently determined to be 620 using an equation Mn,NMR = 10 X 
44 + MW of (2-azidoethanol and succinic anhydride). Mn,GPC = 480 and Mw/Mn = 
1.05 are obtained using GPC in THF at 30 
o
C relative to PS standards. 
 
Figure 4.10: The 1H NMR spectrum of azide end-functionalized PEG in CDCl3. 
4.6 Synthesis of multiarm (PEG)k-(PS)m-polyDVB star block copolymer ((5)) 
Well-defined PEG with azide-end-functional groups was reacted with (3b) to give 
the corresponding multiarm (PS)m-polyDVB-(PEG)k star block copolymer (5). Click 
reaction was carried out with excess amount of PEG in DMF with CuBr/PMDETA 
metal-ligand complex for 24 h at room temperature.  
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Figure 4.11: Synthesis of multiarm (PS)m-polyDVB-(PEG)k star block  
copolymer, (5). 
(PEG)k-(PS)m-polyDVB multiarm star block copolymer was analyzed by 
1
H NMR 
and GPC measurements. 
1
H NMR spectrum showed characteristic resonances of ArH 
at 7.5-6.5 and CH2CH2O at 3.6 ppm for PS and PEG, respectively. Again, weight 
fractions for PS and PEG blocks were determined to be 0.95 and 0.05, respectively 
from NMR. Using these weight fractions, dn/dc = 0.179 mL/g of star block 
copolymer was then calculated depending on the assumption that dn/dc of PS and 
PEG was 0.185 and 0.078 mL/g, respectively. Similarly, Mw, Mp, Mw/Mn and Rh were 
obtained from TD-GPC introducing the dn/dc into Omni-Sec software along with [ ] 
(Table 4.1). 
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Figure 4.12: The 1H NMR spectrum of multiarm (PS)m-polyDVB-(PEG)k star 
block copolymer in CDCl3. 
GPC analysis of (PEG)k-(PS)m-polyDVB multiarm star block copolymer showed a 
monomodal peak, however, which shifted to higher retention time with respect to 
that of (PS)m-polyDVB multiarm star polymer (Fig. 13). 
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Figure 4.13: GPC traces of (PS)m-polyDVB multiarm star, (PEG)k-(PS)m-
polyDVB multiarm star block copolymer and linear PEG-N3 
precursor using RI detector in THF at 30 
o
C. 
This may be due to that adsorption of the PEG segment on the stationary phase 
caused a shift to lower molecular weight region. Moreover, from Table 1, it is 
deduced that Rh of multiarm star block copolymer is slightly higher than that of 
(PS)m-polyDVB multiarm star polymer, indicating that GPC trace shift is not the 
result of a decrease in the hydrodynamic volume.  
4.7 Synthesis of azide-end functionalized PtBA (PtBA-N3) ((7)) 
PtBA-N3 was prepared in two steps. First PtBA-Br was efficiently synthesized by 
ATRP of tBA using ethyl 2-bromoisobutyrate as an initiator using CuBr/PMDETA 
as catalyst in ethylene carbonate for 30 min at 80 
o
C.  
 
 
Figure 4.14: Synthesis of of azide-end functionalized PtBA (PtBA-N3), (7). 
DPn and Mn,NMR was calculated to be 33.5 and 4500, respectively via an integration 
area ratio of CH2OC=O and CHBr end groups at 4.1 ppm to that of CH on the PtBA 
backbone at 2.2 ppm. Mn,theo was found to be 4040 using an equation Mn,theo= 
([M]0/[I]0) X conv. % X MW of tBA + MW of EiBr = 100 X 0.3 X 128.1+195). 
Mn,GPC and Mw/Mn was measured to be 3870 and 1.12, respectively using GPC 
calibrated with PS in THF at 30 
o
C. These results from NMR and GPC displayed that 
a successful living polymerization reaction occurred. As a second step, azidation of 
PtBA-Br was carried out using NaN3 in DMF at 50 
o
C in order to give PtBA-N3. 
Azidation was clearly evidenced from 
1
H NMR spectrum of PtBA-N3 that a new 
signal corresponding to -CHN3 at 3.7-3.6 ppm emerged. Moreover, it should be 
noted that azidation reaction did not resulted in a discrepancy in both Mn,NMR and 
Mn,GPC of PtBA. 
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Figure 4.15: The 1H NMR spectrum of PtBA in CDCl3. 
 
4.8 Synthesis of multiarm (PtBA)n-(PS)m-polyDVB star block copolymer ((8)) 
Well-defined PtBA with azide-end-functional groups was reacted with (3b) to give 
the corresponding multiarm (PS)m-polyDVB-(PtBA)n star block copolymer ((8)) via 
Click Reaction. So as to carry out the reaction, an excess of linear precursors (1.3 
equiv.) was employed with respect to that of multiarm star polymerin DMF with 
CuBr/PMDETA metal-ligand complex for 24 h at room temperature.  
The unreacted linear precursors were easily removed from the reaction medium due 
to their solubility in methanol. After purification, the obtained multiarm star block 
copolymer was characterized by 
1
H NMR, TD-GPC and GPC. 
From 
1
H NMR spectrum of (PtBA)n-(PS)m-polyDVB multiarm star block copolymer, 
characteristic signals at 2.2 and 1.4 ppm related with -CH and -C(CH3)3 of PtBA, 
respectively along with signals of PS block confirmed a successful azide-alkyne click 
reaction. Using weight fractions of PS (0.64) and PtBA (0.36) blocks derived from 
1
H NMR (derived by DPn), dn/dc of corresponding star block copolymer is 
calculated to be 0.135 mL/g by using an equation given in literature,19 assuming that 
dn/dc of linear PS and PtBA precursors is 0.185 and 0.049 mL/g, respectively. 
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Figure 4.16: Synthesis of multiarm (PS)m-polyDVB-(PtBA)n star block 
copolymer, (8). 
This is because that dn/dc value correlates linearly with composition of block 
copolymer. Thus obtained dn/dc is then introduced into the Omni-Sec software of 
TD-GPC for the calculation of Mw and Rh of the multiarm star block copolymer 
(Table 1). 
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Figure 4.17: GPC traces of (PS)m-polyDVB multiarm star, (PtBA)n-(PS)m-
polyDVB multiarm star block copolymer and linear PtBA-N3 
precursor using RI detector in THF at 30 
o
C. 
A GPC trace of (PtBA)m-(PS)n-polyDVB multiarm star block copolymer displayed a 
shift tolower retention time region compared to that of the precursor (PS)n-polyDVB, 
indicating that the former had higher hydrodynamic volume than that of the 
precursor (Fig. 17). Notably, it isnoted that a trace for PtBA-N3 was not detected. 
4.9 Synthesis of multiarm (PEG)k-(PtBA)n-(PS)m-polyDVB hetero star block 
copolymer  ((9)) 
As a third sample, (PEG)k-(PTBA)m-(PS)n-polyDVB multiarm star mixed-block 
copolymer is simply prepared from a azide-alkyne click reaction of (PS)n-polyDVB 
multiarm star polymer with linear precursors, PEG-N3 and PTBA-N3, concurrently in 
the CuBr/PMDETA in DMF at room temperature for 24 h. 1.2 equiv. of linear 
precursors to that of (PS)n-polyDVB multiarm star polymer was used in the reaction.  
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Figure 4.18: Synthesis of (PEG)k-(PtBA)n-(PS)m-polyDVB hetero star block 
copolymer  (9). 
Again, unreacted linear precursors were easily removed from the reaction medium. 
The resulting multiarm star mixed-block copolymer is characterized by 
1
H NMR, 
GPC and TD-GPC. Characteristic signals for PS, PEG and PTBA segments are 
detected at 7.5-6.5 (ArH), 3.6 (CH2CH2O-) and 2.2 ppm (CH), respectively from 
1
H 
NMR spectrum (Fig. 4.18). The weight fractions for PS, PTBA and PEG segments 
from 
1
H NMR are found to be 0.70, 0.27 and 0.03, respectively using corresponding 
DPNs of individual arms. Moreover, using these data the statistical distribution of 
PTBA and PEG arms are calculated to be 14 and 13, respectively. 
Therefore, dn/dc = 0.143 mL/g of the target multiarm star mixed-block copolymer is 
calculated by using weight fractions and dn/dc values of the individual segments. 
After introduction of this dn/dc to the software, molecular weight data and RH were 
obtained together with [η] for (PEG)k-(PTBA)m-(PS)n-polyDVB multiarm star mixed- 
block copolymer (Table 1). GPC trace of multiarm star mixed-block copolymer 
displayed a shift to higher retention time with respect to that of (PS)m-polyDVB 
multiarm star polymer (Fig. 4.19). Once more, an aforementioned explanation for the 
GPC analysis of (PEG)k-(PS)m-polyDVB may be given for that of (PEG)k-(PTBA)n-
(PS)m-polyDVB multiarm star mixed- block copolymer. 
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Figure 4.19: The 1H NMR spectrum of (PEG)k-(PTBA)n-(PS)m-polyDVB 
multiarm star mixed-block copolymer in CDCl3. 
 
Figure 4.20: GPC traces of (PS)m-polyDVB multiarm star, (PEG)k-(PtBA)n-
(PS)m-polyDVB multiarm star mixed-block copolymer and linear 
PtBA-N3 and PEG-N3 precursors using RI detector in THF at 30 
o
C. 
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In general from Table 1, it can be inferred that the absolute molecular weights and Rh 
values of multiarm star polymers ascend from multiarm star to multiarm star mixed-
block copolymer and all polymers have narrow molecular weight distribution. 
The size and the morphology of multiarm star polymers were further characterized 
by DLS and AFM, respectively. The AFM investigations of the spin coated dilute 
solutions (c ~ 10
-3 
mg/mL) on silicon wafers showed the individual multiarm star 
molecules. The AFM height image Figure 21a  and the corresponding phase image 
Figure 21b  show the general view of (PS)m-polyDVB multi arm polymer in a 2 µm x 
2 µm area on the silicon substrate. The objects seen can be separated into three 
groups depending on their height: (i) aggregates larger than 20 nm in height (Fig.13b 
lower inset), (ii) circular objects having height ~ 6-10 nm (Fig.21b upper inset), and 
(iii) circular ring objects having height ~ 1-2 nm (Fig. 13c-13d). 
 
Figure 4.21: AFM height image (a) and the phase image (b) showing the general 
view of the spin coated dilute solutions of (PS)m-polyDVB multi arm 
polymer in a 2 µm x 2 µm area on the silicon substrate. The areas 
inside the drawn squares in (b) were magnified as insets. The height 
(c) and the phase images (d) of the individual molecules are seen in 
detail in 0.7 µm x 0.7 µm scans. 
I attribute the observed circular rings (Fig.21c-21d) to the individual multiarm star 
molecules. The observed lateral dimensions of these molecules were between 23-27 
nm which corresponds to a real size of 14-17 nm after deconvolution of the finite 
size of the AFM tip (assumed to be 10 nm). The hydrodynamic diameter of the 
(PS)m-polyDVB multi arm polymers in toluene was measured to be 16.0 ± 3.1 nm by 
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DLS (Fig. 21a) which compares quite well to the sizes determined by AFM. The ring 
shape in height images (Fig. 21c) is due to flattening of the molecules by the substrate 
which results in a slight 0.5-1.0 nm decrease in height on top of the central core of 
the molecules exposing the polyDVB region. These polyDVB rich regions showed a 
clear bright contrast in the phase image indicating the relative hardness of the central 
core compared to the PS arms surrounding it. In the case of larger aggregates (group 
(i)) and circular objects of height ~ 6-10 nm (group (ii)), these polyDVB rich regions 
were not all noticeable in the height images, but  a clear bright phase could be seen in 
the phase images (insets of Fig. 21b). The lateral dimensions of ~ 6-10 nm high 
circular objects were ~ 70 nm, much larger than twice the expected length of PS arms 
and the measured hydrodynamic diameter of 16 nm. We attribute these circular 
objects (group (ii), Fig. 21b upper inset) and the larger objects (group (i), Fig. 21b 
lower inset) to the aggregates containing more than one multiarm star molecule. 
Aggregates of several 18-arm polybutadiene (PB) star molecules have previously 
been observed on mica surfaces and the number of associated star molecules within 
the aggregates was reported to increase with the amount of molecules on the surface 
[24]. For star polymers having less than ~32 arms [24] the interaction and the 
interpenetration of the arms of different molecules lead to such aggregation. In the 
case of (alkyne-PS)m-polyDVB, the interaction of the alkyne end groups may be an 
additional source for aggregation. 
The hydrodynamic sizes of the four multiarm star polymers were determined by 
DLS. Figure 4.22 shows the DLS size histograms. The average hydrodynamic 
diameter of (PS)m-polyDVB multiarm star polymer was measured to be 16.0 ± 3.1 
nm in toluene. The hydrodynamic diameter of other three polymers - (PtBA)n-(PS)m-
polyDVB, (PEG)k-(PS)m-polyDVB and (PEG)k-(PtBA)m-(PS)n-polyDVB – were all 
measured in CH2Cl2 and found to be 18.1 ± 4.9 nm, 18.9 ± 3.7 nm and 18.0 ± 2.5 
nm, respectively. These sizes compares well to those determined by TD-GPC (Table 
1) which ranges between 17-20 nm. The average hydrodynamic diameter was ~2-3 
nm larger for (PTBA)n-(PS)m-polyDVB, (PEG)k-(PS)n-polyDVB and (PEG)k-
(PTBA)n-(PS)m-polyDVB confirming the successful addition of (PtBA-N3) and (PEG-
N3) to (alkyne-PS)n-polyDVB via click reaction. 
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Figure 4.22: DLS size histograms. The solid lines are the Gaussian fits to the 
data. (a) (PS)n-polyDVB in toluene. (b) (PtBA)m-(PS)n-polyDVB in 
CH2Cl2. (c) (PEG)k-(PS)n-polyDVB in CH2Cl2. (d) (PEG)k-(PtBA)m-
(PS)n-polyDVB in CH2Cl2. 
The individual molecules of (PTBA)n-(PS)m-polyDVB, (PEG)k-(PS)m-polyDVB and 
(PEG)k-(PTBA)n-(PS)n-polyDVB multiarm star polymers were also clearly observed 
in the AFM images of spin coated dilute solutions on silicon substrates (Fig. 23). 
The molecules showed circular ring shapes having a height of ~1-2 nm, and lateral 
size of ~25 nm similar to (PS)m-polyDVB molecules (Fig. 23c-23d). It was not 
possible to detect differences of 2-3 nm in lateral size compared to that of (PS)m-
polyDVB as determined by DLS. Similar to (PS)m-polyDVB, aggregates containing 
more than one molecule were also observed in larger area scans. 
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Figure 4.23: 0.6 µm x 0.3 µm AFM height (a,c,e) and phase (b,d,f) images of 
multi blockcopolymer arm star polymers on silicon substrates: (a-b) 
(PTBA)n-(PS)m-polyDVB. (c-d) (PEG)k-(PS)m-polyDVB. (e-f) 
(PEG)k-(PTBA)n-(PS)m-polyDVB. 
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5.  CONCLUSION AND RECOMMENDATIONS 
Multiarm star block and mixed-block copolymers are efficiently prepared via azide-
alkyne click reaction strategy by using arm-first approach. All star polymers are 
characterized by NMR, GPC, TD-GPC, AFM and DLS. From TD-GPC, Rh values of 
all star polymers were calculated to be in the range of 8.4-10.2 nm. Moreover, star 
molecules were imaged on silicon substrates by AFM and had a diameter of ~16-18 
nm in consistent with DLS measurements. 
Despite the fact it debuted less than 10 years ago, click chemistry is quickly 
revolutionizing the way scientists view their research. Although all click reactions are 
easy to use, give high reaction yields, do not require long reaction times, are 
regiospecific, and are easy to purify, the CuI-catalyzed Huisgen 1,3-dipolar 
cycloaddition of azides and terminal alkynes has emerged as the most popular click 
reaction by far. It has found numerous applications across a wide variety of disciplines, 
including materials research, polymer chemistry, and the pharmaceutical sciences. It is 
particularly sought after by the pharmaceutical community for its tolerance of typical 
biological conditions, tolerance of most functional groups, and for the high aqueous 
solubility of 1,2,3-triazoles. Specifically, the HDC reaction has been used to synthesize 
novel polymeric delivery systems, dendrimers, to cross-link micelles, and to modify the 
surfaces of various nanoparticular delivery systems.  
The HDC reaction, however, is not perfect. There are a few important limitations that 
need to be considered. The most significant is it requires a copper catalyst. High level of 
copper in the body can lead to serious, even deadly, consequences. It is also important 
to realize that systemic studies need to be conducted to confirm the biocompatibility of 
1,2,3-triazoles. Other less serious problems include CuI saturation and alkyne 
homocoupling. 
Though the HDC reaction has several limitations, it is still one of the most versatile 
and beneficial chemistry tools for pharmaceutical applications. Hopefully as time 
progresses, other click reactions will also gain momentum and add additional items 
to our chemistry “tool box.” 
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